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ABSTRACT 
 Carbon-based nanomaterials have great potential to be used in future nanoelectronics due 
to their unique combinations of electrical, thermal, and mechanical properties. Specifically, carbon 
nanotubes (CNTs) and graphene have attracted great interest over the past decade in both the 
scientific and industrial communities for a variety of applications including high-performance thin-
film transistors (TFTs) and conductive electrodes on transparent and flexible substrates, heat 
spreaders, and high-strength applications utilizing CNT macrostructures, such as CNT yarns and 
sheets. 
 However, presently realized applications usually suffer from the high junction resistances 
between individual CNTs and graphene grains, which cause the performance and reliability of 
such applications to be significantly lower than those of individual CNTs and graphene. In this 
dissertation work, we study novel techniques that take advantage of such high resistances in order 
to enable selective metallization and self-healing in CNT and graphene based devices. 
 First, we investigate a method to reduce the high CNT junction resistance through a 
nanoscale chemical vapor deposition (CVD) process. We show that by passing current through the 
CNT devices in the presence of CVD precursor, localized Joule heating induced at the CNT 
junctions stimulates selective and self-limiting deposition of metallic nanosolder. We also show 
that the effectiveness of this nanosoldering process depends on the work function of the deposited 
metal, which can improve the on/off current ratio of CNT devices by nearly an order of magnitude 
when the right metal (Pd) is chosen. 
Then, we introduce a different route to carry out the nanosoldering process by applying the 
metal precursor using a solution-mediated technique. The new process not only facilitates the 
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selective metallization of Pd nanoparticles at the CNT junctions to improve the device performance, 
but it also enables a multitude of different precursors to be used to deposit a variety of materials. 
With the enhanced solution-mediated application technique, we then study the versatility of our 
nanosoldering process by applying it to graphene devices. We show that the grain boundaries (GBs) 
formed between individual grains act similarly to CNT junctions by heating up during device 
operation. We also show that the local temperature increases at the GBs trigger the thermal 
decomposition of metal precursor to deposit Pd selectively at the GBs, which can result in 
improvement in the overall resistance of the graphene device as well as redistribution of the 
temperature. 
Lastly, the nanosoldering process is investigated with an organic-based precursor to bring 
about further improvement in the CNT devices. The organic-based precursor composed of 
halogenated aromatic hydrocarbons can undergo dehalogenation and dehydrogenation processes 
upon heat treatment, resulting in two-dimensional covalent networks of carbon atoms. Our results 
from combining our nanosoldering technique with the organic-based precursor show significant 
improvements in the device performance, suggesting that even better connection is achieved at the 
CNT junctions, possibly by depositing covalent networks of carbon atoms and/or covalently 
linking individual CNTs at the junctions. 
Overall, the research described in this dissertation represents a novel technique, which can 
be used to realize significant improvements in CNT and graphene based devices through electronic 
self-healing. The nanosoldering technique potentially could also be applied to other device types 
where nanoscale resistance components limit overall device performance and reliability by 
improving their electrical, thermal, and mechanical properties. 
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CHAPTER 1 
Introduction and Motivation 
1.1  Moore’s Law: Limits and Potentials 
Silicon-based CMOS technology, in which the dimensions of individual devices in an 
integrated circuit have decreased and the inexpensive computing power has increased according 
to Moore’s law, has been a driving force in technological advance since the 1970s and has 
benefited everyone involved. Semiconductor companies have enjoyed a steady increase in revenue, 
which in turn created millions of jobs in related industries. The average consumer has been able to 
enjoy a technological revolution, from the Internet to better medical devices and improved 
communication. Ever since the dawn of the Industrial Revolution, technology has always been a 
driving force behind the economy, not to mention general improvements in human quality of life. 
However, as also noted by the International Technology Roadmap for Semiconductors 
(ITRS) 2013 edition [1], further scaling down has faced serious limits as the critical dimensions 
have shrunk down to the sub-14 nm range [2]–[4].  At such a small scale, the device performance 
can degrade greatly due to possible tunneling currents between source and drain regions and 
through the gate oxide. Various short-channel effects can also act to weaken the gate coupling and 
increase leakage current [5], [6]. For critical dimensions in the sub-14 nm range, issues related to 
fabrication technology also arise. Current state-of-the-art optical lithography involves an ArF 
excimer laser, whose radiation wavelength is 193 nm with immersion and multiple patterning 
technologies. While companies have demonstrated the optical extension below 14 nm, there 
remain a number of challenges to apply the technology into production with reduced cost and 
feasible yield [1]–[4].  
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As was also noted in the ITRS 2013 edition, these limits can potentially be overcome to 
some extent and facilitate further scaling down of device dimensions by implementing non-
classical CMOS channel materials. Major contenders to replace silicon in solid state applications 
are advanced carbon-based nanomaterials (carbon nanotubes and graphene). 
1.2 Advanced Carbon-Based Nanomaterials 
Carbon is a unique element as an electronic material. As a group IV element, an isolated 
carbon atom has a 1s22s22p2 configuration with four valence electrons: one in s orbital (2s) and 
three in p orbitals (2px, 2py, and 2pz) as shown in Figure 1.1 [7], placed at the end of the chapter. 
Because of its ability to form a wide variety of stable structures, carbon is related to rich and 
diverse chemistry and is able to form a variety of molecules. Furthermore, carbon-based electronic 
materials with sp2 hybridization of atomic orbitals can span the entire range of dimensionalities 
from 0D fullerenes to 1D carbon nanotubes (CNTs), 2D graphene, and 3D graphite (Figure 1.2) 
[8]. Among these allotropes of carbon, graphene and CNTs are of special interest due to their 
exceptional properties that arise from their atomic structure. 
1.2.1 Graphene  
Graphene is a single sheet of carbon atoms that are sp2-bonded to one another in a 
honeycomb lattice. Ever since the experimental discovery of graphene in 2004 by Novoselov et al. 
[9], graphene has attracted tremendous attention due to its electrical and physical properties. 
Because of the scientific significance and potential technological applications of graphene, the 
Nobel Prize in physics in 2010 was awarded to two research pioneers of graphene, Konstantin 
Novoselov and Andre Geim from the University of Manchester, UK. Although this surge of 
scientific research on graphene only happened recently, there have been numerous key theoretical 
studies on graphene and its electrical properties in the past [10]–[12]. The distinctive electrical 
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properties of graphene arise from its crystal structure and the strong π bonds which form 
delocalized states (Figure 1.3a) [13]. The band structure of graphene derived from these π bonds 
can be calculated by solving the Schrödinger equation using the tight binding approximation [10]:   
                           (1.1)  
Since graphene has a unit cell with two nonequivalent lattice sites (A and B in Figure 1.3a), the 
total wave function Ѱ can be written as  
                              (1.2)  
where ui is the Bloch function constructed by linear combination of wave functions from 2pz 
orbitals of isolated carbon atoms, expressed as  
                  (1.3)  
By inserting Equation (1.2) into Equation (1.1) and incorporating the effects of up to next-nearest 
neighbors, the energy dispersion relation of graphene can be calculated [14]:  
               (1.4)  
where t and t´ are the hopping amplitudes of nearest and next-nearest neighbors, respectively, a = 
0.142 nm is the carbon-carbon distance, θq = arctan-1[qx/qy], and vF = 3ta/2 ≈ 1×106 m/s is the 
Fermi velocity of graphene. When the wavelength is long enough (small q) near the K point with 
t´ = 0, Equation (1.4) is reduced to  
                              (1.5)  
Figure 1.3c shows the band structure of graphene near the K point, which can be approximated by 
Equation (1.5). As can be seen from the figure, the conduction and valence bands touch each other 
at the K point in the Brillouin zone with a zero gap and a linear dispersion relation up to ±1 eV 
around the Fermi level [15]. As a consequence, graphene shows ambipolar field effect, and 
quasiparticles in graphene are characterized as massless Dirac fermions with Fermi velocity vF ≈ 
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1 × 106 m/s with very high carrier mobility [16]. Due to graphene’s crystal structure, it also has 
high thermal conductivity [17] and Young’s modulus [18], making it very attractive for many 
technological purposes.  
 1.2.2  Carbon Nanotubes (CNTs)  
CNTs are rolled cylinders of graphene with typical diameters in the range of 1 to 3 nm, and 
are usually characterized by a chiral vector:  which connects two 
crystallographically equivalent sites on a graphene sheet, where n and m are integers and  and 
 are the unit vectors of the hexagonal honeycomb lattice (Figure 1.4) [13]. Therefore, the 
structure of any CNT can be described by an index with a pair of integers (n, m) that define its 
chiral vector.  
Since its structure is also based on sp2 hybridization of atomic orbitals of carbon atoms, 
CNTs have the distinctive properties of graphene; due to the strong covalent carbon-carbon 
bonding, CNTs are chemically inert and have a high Young’s modulus and high tensile strength 
[19]. Because its structure can be formed by rolling graphene, the band structure of CNTs can also 
be constructed from that of graphene with appropriate boundary conditions around the CNT 
circumference. However, its band structure can be quite different from that of graphene because 
CNTs can be either metallic or semiconducting with varying bandgaps depending on the chiral 
angle θ and the diameter d, which are given in terms of the index (n, m) [8]:  
                         (1.6)  
                        (1.7)  
From simple calculations, it can be shown that an (n,m) CNT is metallic when n = m or n – m = 
3i, where i is an integer, and is semiconducting when n – m ≠ 3i [13]. This is due to the fact that 
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only a few wave vectors are allowed to exist for the one-dimensional CNTs that satisfy the periodic 
boundary conditions around the circumference of CNTs. Metallic conduction occurs when one of 
these wave vectors passes through the K point of graphene’s 2D hexagonal Brillouin zone, where 
the valence and conduction bands touch.  
A bandgap opens up when there is a misalignment between allowed wave vectors and the 
K point (Figure 1.5) [13]. For semiconducting CNTs, there is a diameter dependency on bandgap 
Eg. According to a single-particle tight-binding approximation of the electronic structure,  
                     (1.8)  
where ħ is Planck’s constant, vF is the Fermi velocity, and d is the CNT diameter [13].   
Because their bandgap can be tuned by the chirality and diameter, CNTs are promising 
candidates for future nano-scale devices. Moreover, in the perfect and hollow quasi-1D structure 
of CNTs, the boundary scattering is suppressed, while only forward scattering and back scattering 
are allowed. Therefore, the elastic scattering mean free paths in CNTs are long, and quasi ballistic 
transport can be observed at relatively long lengths and low fields [20], [21].   
1.3  Challenges and Research Motivation  
Although graphene and CNTs have superior electrical, mechanical, and thermal properties, 
there exist a number of issues in integrating them into practical applications. Issues related to 
practical realization of high-performance applications exploiting CNTs involve controlling the 
chirality and length of CNTs, achieving ohmic contacts, and positioning CNTs on a substrate with 
desired parameters, such as location, orientation, geometry, and density. There have been 
numerous attempts to align CNTs by various methods, including dielectrophoresis [22], surface 
functionalization [23], and aligned chemical vapor deposition growth using electric field [24] and 
crystal planes [25], [26]. However, these methods involve additional fabrication steps that are 
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usually complicated and degrade the quality of CNTs [27]. On the other hand, random networks 
of unaligned CNTs are useful in integrated circuits and display drivers, particularly in applications 
that make use of thin film transistor applications [28], [29]. However, in such CNT network 
transistors, the performance is usually limited by high electrical and thermal resistances at the 
inter-tube junctions [30]–[34] where the device becomes susceptible to breakdown of CNTs 
because the temperature increase is especially large at the inter-tube junctions. 
Among the primary challenges and limitations for successful realization of graphene based 
devices is the ability to inexpensively grow graphene in wafer-scale quantities. While the growth 
of epitaxial graphene on SiC enables synthesis of graphene at the wafer scale [35], [36], the steps 
in the SiC surface and change in the number of graphene layers lead to charge carrier scattering, 
and degradation of the charge carrier mobility [37]. Chemical vapor deposition (CVD) growth of 
graphene on transition metals [38]–[42], especially on Cu presents an alternative path for the 
growth of wafer-scale graphene due to the low cost of the Cu and the ability to grow predominantly 
monolayer graphene, along with the ability to transfer the grown graphene to other substrates [40]. 
However, since the growth of graphene is not epitaxial, the growth of graphene on Cu leads to 
randomly oriented graphene grains which eventually coalesce into a full film and form graphene 
grain boundaries (GBs). The effects of GBs have been shown to modify electronic structure of 
graphene [43]–[45] and cause deleterious effects on charge carrier transport [46], [47].   
1.4  Thesis Structure  
The goal of this dissertation is to explore electronic self-healing as a mechanism to 
dramatically improve the performance of carbon-based nanoelectronics. In order to solve the 
problem of high resistances at the CNT junctions, the power dissipation at the CNT junctions is 
utilized as heat sources, which trigger local chemical reactions that metallize the junctions. As the 
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junction resistances fall during metallization, the junctions will cool, and the next most-resistive 
junctions will undergo metallization [48]. This self-limiting process is referred to as 
“nanosoldering.”  
Chapter 2 will detail the experimental technique for nanosoldering the CNT junctions using 
a localized CVD process along with the background information on related fields. Scanning 
electron microscopy (SEM) and atomic force microscopy (AFM) images, and energy dispersive 
X-ray spectroscopy (EDS) data, will be presented with current-voltage characteristics for the 
carbon nanotube devices for characterization and analysis.  
Chapter 3 will detail a modified technique, which is simpler and yet effective to nanosolder 
the CNT junctions by using solution-based chemical precursors. The experimental details and 
several control studies will be presented to compare its advantages over the nanosoldering 
technique using a CVD process. SEM, AFM, EDS, and X-ray photoelectron spectroscopy (XPS) 
data, along with current-voltage characteristics for the CNT devices, will be presented for 
characterization and analysis.  
With an improved solution-mediated process, Chapter 4 will present the experimental 
technique for nanosoldering of graphene grain boundaries grown on copper foils that are 
transferred to SiO2/Si substrates. SEM, AFM, and scanning Joule expansion microscopy (SJEM) 
data before and after nanosoldering the graphene grain boundaries will be presented, and Raman 
spectroscopy and current-voltage characteristics will be presented to characterize and analyze 
graphene devices.   
Chapter 5 will introduce the application of this technique to link CNTs with covalently 
bonded molecular structures. This covalent linking process should tap directly into the electronic 
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band structure of the CNTs, resulting in a smooth electronic landscape for conduction across the 
NJs.  
Finally, Chapter 6 will summarize and discuss the results of the works presented. It will 
also discuss some of the future applications of nanosoldering via local heating and self-healing 
process. 
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1.5  Figures 
 
 
Figure 1.1. Molecular architecture of carbon with s and p orbitals in the two lowest energy levels 
[7]. 
 
Figure 1.2. Chemical structures of sp2 carbon allotropes: 0D fullerene, 1D carbon nanotube, 2D 
graphene, and 3D graphite [8]. 
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Figure 1.3. (a) Real space representation of a graphene lattice with a unit cell of two carbon 
atoms A and B. 𝒂1 and 𝒂2 are the unit vectors of the hexagonal honeycomb lattice. One 
carbon atom at the right-bottom corner has the three σ bonds and one π bond drawn in. (b) 
Reciprocal space representation of a graphene lattice with two unit vectors 𝒃1 and 𝒃2. (c) 
Electronic dispersion of graphene lattice which shows the six K points at the intersections 
of the conduction and valence bands in the first Brillouin zone of monolayer graphene [13]. 
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Figure 1.4. (a) Representation of a chiral vector: 𝑪 =  𝑛1𝒂1 + 𝑛2𝒂2, which defines a CNT. 𝒂1 
and 𝒂2 are the unit vectors of the hexagonal honeycomb lattice
 [13]. (b) Schematic representation 
of a piece of graphene folded into a single-walled carbon nanotube. 
 
 
Figure 1.5. (a) A first Brillouin zone of graphene with conic energy dispersions at six K points. 
The dashed lines represent allowed wave vector states around the CNT circumference. (b) A zoom-
in and cross section of energy bands of a metallic (left) and a semiconducting (right) carbon 
nanotubes [13]. 
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CHAPTER 2 
Nanosoldering Carbon Nanotube Junctions via Local Chemical Vapor 
Deposition 
As mentioned in Chapter 1, despite the exceptional electrical, thermal, optical, and 
mechanical properties of carbon nanotubes (CNTs), there exist many challenges to realize these 
properties of individual CNTs in CNT-based devices. This chapter is devoted to solving one of the 
major challenges, the high resistance of individual nanotube junctions, through a nanoscale 
chemical vapor deposition (CVD) process. The background on CNT network devices and CNT 
junctions, experimental details to improve the junction resistance using a localized Joule heating 
triggered CVD process, and the results and discussion of the effects of metals deposited on CNT 
junctions are presented. 
2.1 Background on Carbon Nanotube Networks 
As previously detailed in Chapter 1, single-walled CNTs can be thought of as one-
dimensional cylinders of monolayer graphene. Semiconducting CNTs exhibit high carrier mobility 
[1], [2] and band gaps which vary inversely with diameter [3], whereas metallic CNTs can carry 
very high current densities [4]. These properties make CNTs promising candidates as components 
in nanoelectronics [5], [6]. However, as-grown CNTs are a mixture of metallic and semiconducting 
types, which often hinders their practical applications. For instance, such mixtures do not have 
sufficiently high on/off current (ION/IOFF) ratios for low-power transistors, nor are they sufficiently 
                                                 
Material in this chapter is reproduced with permission from J.-W. Do, D. Estrada, X. Xie, N. N. Chang, J. 
Mallek, G. S. Girolami, J. A. Rogers, E. Pop, and J. W. Lyding, “Nanosoldering carbon nanotube junctions 
by local chemical vapor deposition for improved device performance,” Nano Lett., vol. 13, no. 12, pp. 
5844–5850, 2013. Copyright American Chemical Society, 2013. 
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metallic (i.e. independent of doping or gating) as interconnects. To address this challenge, there 
have been numerous attempts to eliminate metallic CNTs through electrical breakdown [7], [8], 
diazonium functionalization [9], [10], selective plasma etching [6], [11], or by polymer wrapping 
and CNT sorting through ultracentrifugation [12]. However, these methods require several post-
synthesis processing steps which tend to contaminate or degrade the quality of the CNTs. 
An alternative approach is to find ways to enhance the performance of random networks 
of as-grown CNT networks. Such networks are easy to fabricate and transfer to arbitrary substrates, 
making them attractive for applications in integrated circuits and display drivers on flexible or 
transparent substrates, especially because CNT networks have shown higher carrier mobility than 
organic or amorphous silicon thin-film transistors [13], [14]. Sun et al. [13] have recently improved 
the performance of CNT network devices through control of the CNT network morphology, and 
have achieved ION/IOFF ratios of ≈106 and carrier mobilities of ≈20 cm2 V-1 s-1. 
2.2 Background on Carbon Nanotube Junctions 
One of the challenges associated with CNT networks is that the performance and reliability 
may be limited by high electrical [15]–[19] and thermal [20]–[23] resistances of CNT-CNT inter-
nanotube junctions. Such resistances depend on the CNT-CNT separation and overlap, which 
affect the hopping probability of charge carriers and consequently the junction resistances [18], 
[19]. From an electrical point of view, the current transport is further limited by Schottky barriers 
at the junctions between metallic and semiconducting CNTs [24], [25]. These junction resistances 
are at least an order of magnitude higher than those of individual CNTs [15]–[17]. Thus, local 
power dissipation at these junctions will dramatically degrade the overall device performance [21], 
[26]. To address this issue, several studies have sought to improve the junction resistance by 
depositing metal particles at the CNT junctions using electron beam induced deposition [27] and 
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dip-pen nanolithography facilitated by atomic force microscopy (AFM) [28]. While elegant, these 
methods are slow, requiring one to locate individual junctions to deposit metal nanoparticles in a 
serial fashion. Other studies have shown improvements in the sheet resistance of CNT networks 
by employing selective nucleation of fullerenes at the CNT junctions [29], and by treating CNT 
networks with nitric acid and doping both the CNTs and the junctions [30]. However, the details 
of these improvements in terms of electronic properties specific to transistor applications, such as 
mobility and ION/IOFF ratio, remained unexplored. 
Recent transport studies of CNT networks have shown that, during device operation, the 
temperature rise of the CNT junctions is significantly higher than the average device temperature 
[26], [31]. These findings indicate that nanoscale hot spots form at CNT junctions throughout the 
CNT network (Figure 2.1a), a conclusion that is supported by recent simulations [32]. In this study, 
we utilize these nanoscale hot spots to locally deposit metals via chemical vapor deposition (CVD). 
The net result is nanosoldering the CNT junctions, which reduces their resistance and improves 
the overall CNT network device performance. 
2.3 Materials and Sample Preparation 
We use test devices with two different geometries in our experiments: large area CNT 
networks and CNT crossbar devices, as shown in Figure 2.1b. The CNT networks were grown by 
CVD using CH4 gas as the carbon feedstock and H2 as the carrier gas at 900 °C [33]. Ferritin 
(Sigma-Aldrich) catalyst was diluted in deionized water and spincoated on thermally grown 90 nm 
and 300 nm SiO2 films on highly doped silicon substrates, which were used as backgates. Prior to 
CNT growth, the catalyst was oxidized by heating the wafer to 900 ºC, and cooled to room 
temperature in an air environment. The wafer was heated to 900 °C again with H2 to reduce the 
catalyst, and CNTs were grown at 900 °C for 15 minutes under CH4 and H2 flows [26]. 
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The CNTs for crossbar devices were grown by CVD using Ar and H2, bubbled through 
chilled (0 °C) ethanol at 925 °C for 20 minutes [34], [35]. For catalyst, a solution of ferritin diluted 
in deionized water was spincast onto a stable temperature (ST) cut quartz substrate to grow aligned 
CNTs. In order to achieve crossbar configuration, double transfer of CNTs was performed [36] 
onto thermally grown 200 nm SiO2 films on highly doped silicon substrates, which were used as 
backgates. The transfer process involved depositing a thin carrier layer of Au and polyimide (PI) 
onto the CNTs, and peeling and transferring the carrier layer along with CNTs using an elastomeric 
stamp of polydimethylsiloxane (PDMS). After transferring CNTs to target substrates, the carrier 
layer was removed by oxygen reactive ion etching (RIE) and wet etching with a commercial 
solution (Au-TFA, Transene). This transfer process was repeated in orthogonal directions to 
achieve the crossbar configuration [36], [37]. Figure 2.1c shows schematic illustrations of the 
preparation of the CNT crossbar devices. Standard photolithography and electron beam 
evaporation were used to define metal electrodes; the latter consisted of 0.5 nm Ti (an adhesion 
layer for the SiO2 substrate) topped with 40 – 80 nm Pd, which forms ohmic contacts to CNTs 
owing to its high work function and favorable interaction with CNT sidewalls [38]. After 
fabricating CNT devices, individual devices were wirebonded to the metal leads of a chip carrier 
using a 4524 Au Wire Ball Bonder (K&S). Figure 2.2a shows optical images of our wafer on a 
chip carrier with the inset image showing a zoomed-in view of CNT devices after wirebonding. 
Figure 2.2b shows a scanning electron microscope (SEM) image of one of our wirebonded CNT 
devices. SEM images were collected using Philips XL30 ESEM-FEG at an operating voltage of 1 
kV. 
The precursor compounds, Hf(BH4)4 and C5H5PdC3H5 (CpPd(allyl)), were synthesized by 
methods described elsewhere [39], [40]. The gas delivery system to our home-built CVD chamber  
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consists of precursor reservoirs, two leak valves, and a stainless steel capillary doser. The flow 
was regulated by the leak valves and delivered to the sample through a stainless steel tube pointing 
directly at the CNT devices at a distance of about 2 cm. Prior to the CVD experiments, the 
precursors were kept in sealed stainless steel and glass containers under argon and stored in a 
refrigerator at -20 °C. For the actual experiments, the precursors were maintained at either 0 °C in 
an ice-water bath or at room temperature in order to achieve total pressure of ~10-4 Torr in the 
CVD chamber. 
2.4 Methodology for Nanosoldering Carbon Nanotube Junctions 
In order to perform nanoscale CVD and nanosolder the CNT junctions, entire samples were 
first loaded and kept in a vacuum chamber (~ 10-6 Torr or lower) for several hours. Figure 2.3a 
shows the process flow for nanosoldering the CNT junctions and Figure 2.3b shows the schematic 
diagram of our vacuum system for the CVD reactions. The samples were vacuum annealed at 600 
K for five minutes to desorb oxygen molecules from the CNTs and the metal electrodes [41]. (It 
is well known that devices made of as-grown CNTs exhibit p-type behavior in air due to oxygen 
adsorption along the CNT and at the CNT-metal contacts) [42], [43]. Oxygen removal lowers the 
contact work function [42], causing conversion to n-type behavior in high vacuum [41]. This 
change for our devices before and after oxygen desorption is shown by the transfer characteristics 
(IDS vs. VGS with VDS = 50 mV) and band diagrams in Figure 2.3c. After the samples were vacuum 
annealed and cooled to room temperature, the individually wirebonded devices were additionally 
heated by applying various voltages between the source and drain electrodes, thereby passing 
currents through the CNT devices to desorb all remnant oxygen molecules. These additional 
heating steps were repeated until there was no discernible change in the transfer characteristics of 
the devices. The oxygen removal step is carried out in order to clearly observe any change in the 
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current transport in our device that may arise from nanosoldering the CNT junctions. After the 
transfer characteristics stabilized, the background pressure of the CVD chamber was about 1 – 5 
× 10-6 Torr.  
Once the pressure in the CVD chamber stabilized, a single-source CVD precursor, either 
C5H5PdC3H5 or Hf(BH4)4, was introduced into the chamber until a total pressure of about 10
-4 Torr 
was achieved to deposit Pd and metallic HfB2 [44], [45], respectively. The approximate CVD 
reactions of each precursor are given by the following formulas [44], [46]: 
C5H5PdC3H5 (g)  Pd (s) + C5H5C3H5 (g)            (1) 
Hf(BH4)4 (g)  HfB2 (s)  + B2H6 (g) + 5H2 (g)  (2) 
Because the precursors are air sensitive, they were kept in sealed stainless steel and glass containers 
under argon and stored in an ice bath or in a refrigerator at -20 °C until use. Both precursors have 
relatively high vapor pressures (~30 Torr at 25 ºC for C5H5PdC3H5 and ~15 Torr at 25 ºC for 
Hf(BH4)4 ) [44], [47]. 
After introduction of the precursors into the chamber, we varied the applied voltages over 
specific time periods to deposit Pd or HfB2 at the locally heated CNT junctions. Note that positive 
VGS is used while varying VDS in order to pass a high current because devices are now n-type. The 
ION/IOFF ratios were subsequently measured to monitor changes resulting from metal deposition. 
Finally, the samples were removed from the vacuum system and exposed to the ambient 
atmosphere for sufficient time (over 24 hours) to allow re-adsorption of oxygen molecules. The 
ION/IOFF ratios were again measured to assess the effects of nanosoldering the CNT junctions on 
the p-type characteristics of the devices. 
All dc electrical characterizations in our experiments were performed with an HP 4155A 
semiconductor parameter analyzer. In order to calculate the ION/IOFF ratio, we use ION at a constant 
22 
 
VGS overdrive from the forward sweep (VGS – VTH,FWD = -10 V) and take IOFF as the minimum IDS 
from the same transfer curve to calculate the ION/IOFF ratio. For devices with VTH,FWD < -5 V, IDS 
at VGS = -15 V is used as ION, and the constant VGS overdrive between VGS = -15V and VTH,FWD is 
used for both before and after metal deposition cases. This approach compares all devices at similar 
charge densities and reduces variability due to VTH shift, and thus allowing for a better comparison 
of performance across different devices. For devices with IOFF lower than the measurement limit, 
the IOFF was found by averaging currents in the regions with fluctuations in the off state below VTH 
[48].  
2.5 The Effects and Characterization of Deposited Pd on Carbon Nanotubes 
Figure 2.4a shows scanning electron microscope (SEM) images of a CNT crossbar device 
with well-defined CNT junctions before and after Pd deposition. The two false-colored electrodes 
in red were used to pass current through the CNTs and electrodes in blue were left floating. VGS 
was applied up to 15 V in order to “turn on” both metallic and semiconducting CNTs, and VDS was 
applied from 5 V to 35 V for three seconds. Figure 2.4b shows the transfer characteristic curves 
before and after Pd deposition for the device shown in Figure 2.4a. These results indicate that the 
ION was improved by a factor of ~6, while the IOFF (averaged in the regions indicated by black 
arrows) was lowered by a factor of ~1.42, leading to ION/IOFF ratio improvement by a factor of 
~8.52. We also note that there was no significant effect on the threshold voltage hysteresis 
(ΔVTH,FWD – VTH,REV = 0.015 V), suggesting that Pd nanosoldering does not introduce new trap 
states near the CNT-SiO2 interface [2]. Thus, if we assume the current paths between source and 
drain electrodes remain unchanged (at a constant VGS overdrive) before and after Pd deposition, 
the improvement in ION is indicative of an increase in the average device mobility by a factor of 
~6. 
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In order to test the stability of the improved junctions with time, we measured the transfer 
characteristics of our devices after operating them in air. The blue curve in Figure 2.5a shows the 
transfer curve after the device was exposed to air for two days. After another day, current was 
passed to this device with VDS = 5 V and VGS = -15 V for 10 seconds and the transfer characteristics 
was measured again (see red curve). We have noticed no noticeable difference between the two 
measurements. Figure 2.5b shows how this device was converted to n-type after oxygen removal 
in vacuum, and how the performance was improved by nanosoldering while the device remained 
in vacuum. To further test the stability of our nanosoldering technique, current was passed to one 
of our nanosoldered devices for more than 20 hours. Figure 2.6 shows the current throughout the 
time period the device was under operation, and the inset plots show 10 transfer characteristic 
curves measured before and after the 20-hour current pass. The stable current during the device 
operation and consistent transfer curves show that our technique does not cause any stability issues 
related to possible electromigration and oxidation. 
We attribute the increase in ION to higher charge carrier hopping probability at the CNT 
junctions, and thus lowered junction resistance. As Pd is deposited at the CNT junctions, the area 
available for carrier flow is increased and the energy barrier is lowered. The decrease in IOFF may 
result from a heightened Schottky barrier for electrons in the off state. Figure 2.11 shows the 
schematic band diagrams for nanosoldered CNT junctions between semiconducting CNTs, 
metallic CNTs, and semiconducting-metallic CNTs. In the devices we studied, Pd is used for both 
the source and drain electrodes, and the CNTs form percolation paths between the two electrodes. 
CNT contacts to Pd electrodes induce p-type behavior at the source and drain because Pd has a 
high work function (ΦPD = 5.1 - 5.9 eV) [49]–[51]. Therefore, nanosoldering the CNT junctions 
with Pd will also induce p-type behavior at these CNT junctions, and the lowered Schottky barrier 
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at the valence band edge and increased Schottky barrier for electrons in the off state will lead to a 
large improvement in the overall device performance. We note that even though a large 
improvement in the ION/IOFF ratio was observed, we did not find any large Pd particles after 
nanosoldering (see Figure 2.4a). Instead, a slight increase in contrast along some CNTs near the 
CNT junctions was observed after Pd deposition as can be seen in Figure 2.4a. The right-hand 
images are magnified views of the region indicated by the yellow dotted box, before and after Pd 
deposition. We speculate that only a very small amount of Pd is needed to connect the CNTs at 
the CNT junctions because Pd is known to wet CNTs very well [52], [53]. Once these CNT 
junctions are soldered, their resistance decreases and they cool, thus stopping the nanosoldering 
process.  
In order to confirm that Pd was deposited on the CNT junctions, the nanosoldering was 
deliberately carried out with high currents for longer times (up to 30 seconds) on other similar 
devices to deposit a larger amount of Pd. Post characterization with SEM and AFM indicate that 
Pd nanoparticles from sub-10 nm to over 30 nm in size were deposited on the CNT junctions. AFM 
images were collected using a Bruker Dimension IV AFM in tapping mode. The scan size was 
kept under 5 µm × 5 µm with a scan rate of 1 Hz. The resolution was 1024 × 1024. The drive 
amplitude and set point were carefully monitored to ensure good tracking of the surface. Figure 
2.7a shows an SEM image of a CNT crossbar device before Pd deposition, and Figure 2.7b shows 
AFM images corresponding to the yellow dotted box in the SEM image before and after Pd 
deposition. The line scans along a CNT in dotted boxes (blue and red for before and after, 
respectively) show that sub-10 nm Pd particles were deposited at the junctions. We also note some 
Pd deposition along some other parts of CNTs, which may be defective sites. 
In order to perform chemical analysis to verify the presence of Pd, energy dispersive X-ray 
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spectroscopy (EDS) was performed on another device where high current was passed deliberately 
to deposit a large amount of Pd. EDS analysis was performed using a FEI XL-30 SEM with field 
emission gun (FEG) source. Figure 2.7c shows an SEM image of such a crossbar CNT device after 
intentional overdeposition of Pd. Figure 2.7d shows EDS spectra from two different spots indicated 
by green circles in Figure 2.7c. EDS measurement from Spot 1 shows a Pd peak while the 
measurement from other parts of CNTs on the same device (Spot 2) does not show any noticeable 
Pd peak. The same measurement conditions were used for both cases and both plots are on the 
same scale. 
2.6 Discussion on the Effects of Deposited Metals on Carbon Nanotubes 
In order to clarify the effect of the nanosolder work function, we then used the precursor 
Hf(BH4)4 to deposit HfB2 at the CNT junctions. We chose the precursor Hf(BH4)4 because the 
resultant HfB2 has a high melting point (3250 ºC) and excellent electrical properties [44]: a 
resistivity of ~15 µΩ·cm and a low work function (ΦHfB2 ≈ 3.5 eV) [54]. Figure 2.8a shows SEM 
images of a CNT network device before and after HfB2 nanosoldering. The bright islands in the 
figure indicate that HfB2 has been deposited primarily at crossed CNT junctions. We also note that 
a few CNTs are coated with HfB2 along almost their entire lengths, vividly highlighting the most 
conductive current pathways which heat up during device operation. EDS measurements confirm 
the presence of hafnium: the red curve in Figure 2.8b shows the EDS spectrum obtained from a 
bright island formed at a CNT junction, whereas the blue curve shows the EDS spectrum obtained 
from CNTs in the same device away from the bright island under the same acquisition conditions. 
Note that since boron is a light element, a CNT device with over-deposited HfB2 is used 
for EDS to verify the presence of boron. Figure 2.9a shows SEM images of CNT networks after 
HfB2 deposition. Spot 1 in the upper image of Figure 2.9a denotes the area where EDS spectrum 
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(red curve) shown in Figure 2.9b was obtained. Spot 2 in the lower image of Figure 2.9a 
corresponds to CNT network in the same device with no HfB2 deposition, and the corresponding 
EDS spectrum (blue curve) is shown in Figure 2.9b. Note that the same acquisition conditions 
were used for both cases, and the two curves are on the same scale. The EDS data indicate that the 
deposited material indeed contains boron and the obtained boron spectrum is not simply from 
physisorbed precursor on the CNT network. 
Figure 2.10a shows SEM images of another CNT network device before and after HfB2 
deposition. The yellow circles indicate regions where HfB2 was deposited on the CNT junctions. 
Figure 2.10b shows the transfer characteristics of this device before and after HfB2 deposition 
where the ION/IOFF ratio was improved by ~24% using our nanosoldering technique. Note that there 
was little change in the threshold voltage hysteresis (ΔVTH,FWD – VTH,REV = 0.23 V), suggesting that 
HfB2 nanosoldering does not introduce new trap states [2]. We believe that the difference in the 
work function of the electrode metal, Pd, and the deposited metal, HfB2, plays a role here. When 
a low work function metal comes in contact with a semiconducting CNT, charge transfer occurs 
from the metal to the CNT and creates a Schottky barrier at the valence band edge, inducing n-
type behavior at the contact as shown in Figure 2.11. Therefore, when the CNT junctions are 
nanosoldered with HfB2, n-type behavior is induced in the middle of the CNT percolation paths 
between the source and drain electrodes, while p-type behavior is induced at CNT contacts to the 
source and drain electrodes because Pd has a high work function. This mismatch of work functions 
will create back-to-back pnp junctions within the CNT network for HfB2 nanosoldered junctions, 
which can degrade the current transport of the device. We also note that, unlike the Pd case, large 
HfB2 particles were visible after nanosoldering the junctions (see Figures 2.8 and 2.10). We believe 
that when HfB2 is deposited at these CNT junctions, the resistance will not drop as much due to 
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the work function mismatch and the poor interface between HfB2 and CNTs (compared to Pd 
which wets CNTs very well) and thus the nanosoldering process will continue, making much larger 
islands. 
2.7 Control Experiments 
For control experiments, CNT devices of similar network and crossbar geometries were 
used. These control devices were prepared in the same way; the devices were annealed at 600 K 
to remove oxygen molecules in vacuum, treated with similar current flow methods but in the 
absence of precursors, and exposed back to air for sufficient time (over 24 hours) to assess any 
changes in their transfer characteristics. These experiments allowed us to test the possibility that 
the improvement in device performance was due to factors other than nanosoldering. Figure 2.12a 
summarizes the degree of improvement in the ION/IOFF ratio (ION/IOFF,AFTER / ION/IOFF,BEFORE) for 
these devices, along with the devices nanosoldered with HfB2 and Pd. As can be seen in the figure, 
the performance of control devices remained about the same or even degraded, possibly due to 
decreased channel and CNT-electrode contact resistances from the heat generated during the 
current passing through the device. The heat generated from this current anneal may cause the 
elimination of contaminants in CNTs and may also thermally anneal the contacts. The decreased 
channel and contact resistances can increase both ION and IOFF and lower the overall ION/IOFF ratio. 
The degree of decrease in these resistances may vary from device to device and from different 
batches of devices. 
On a single device, we saw an ION/IOFF ratio improvement of a factor of ~2.4, possibly due 
to the elimination of contaminants on CNTs or thermal annealing of the contacts from the heat 
generated during current flow. Figure 2.12b shows an SEM image of this device. Note that during 
the control experiment, VGS was set at 15 V and VDS was applied from 5 V to 40 V for both current 
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paths between Source 1 & Drain 1 and Source 2 & Drain 2. Figure 2.12c shows the transfer 
characteristic curve between Source 1 & Drain 1 before and after the control experiment. After 
noticing changes in the ION/IOFF ratio, we put this device back into CVD chamber, and performed 
nanosoldering with the Pd precursor using the same conditions. Note that current was only passed 
between Source 2 & Drain 2 (electrodes false-colored in red in the SEM image), and no current 
was passed between Source 1 & Drain 1. Then the measurements were made again using Source 
1 and Drain 1 electrodes. By doing so, we were able to nanosolder the junctions and improve the 
ION/IOFF ratio by another factor of ~8.25 (green dashed circle near right edge of Figure 2.12a). 
Notably, we found the device performance after HfB2 deposition either showed less 
improvement or could even be degraded, while the device performance after Pd deposition showed 
significant improvement. We also have not observed any device for which IOFF decreases after a 
control experiment conducted without the CVD precursor. Thus the decreased IOFF after Pd 
deposition in our devices suggests that nanosoldering Pd is indeed playing a role at the CNT 
junctions. 
2.8 Conclusion 
In conclusion, we achieved nanoscale CVD of metallic nanoparticles at CNT junctions by 
passing current through devices like CNT networks and CNT crossbars to selectively heat the CNT 
junctions. This process results in self-aligned and self-limiting nanosoldering that reduces the 
junction resistance and improves the device transport properties. By matching the work function 
of the electrode with the metallic nanosolder (e.g., by using Pd), we improved the ION/IOFF ratio of 
our devices by nearly an order of magnitude. The self-limiting nature of the nanosoldering process 
means that the CNT junctions cool as they are soldered, and the next most-resistive CNT junctions 
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will undergo nanosoldering. The nanosoldering technique may be generally applicable to improve 
the performance of other materials and devices.  
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2.9 Figures 
 
 
Figure 2.1. (a) Schematic diagram of a CNT network device with red dots illustrating heated CNT 
junctions under drain-source bias (VDS). (b) False-colored scanning electron microscope (SEM) 
images showing (left) CNT networks bridging the drain and source electrodes and (right) crossbar 
CNT test device. (c) Schematic illustration of transferring aligned CNTs for crossbar devices as: 
(1) aligned CNTs grown on quartz by chemical vapor deposition (CVD), followed by (2) 
deposition of a carrier film of Au and polyimide (PI) layers, and (3) applying an elastomeric stamp 
to transfer the resulting CNT/Au/PI layer to a receiving substrate, followed by removal of the 
stamp and Au/PI layer. The process is repeated (4) at orthogonal directions to achieve CNT arrays 
with crossbar orientation.  
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Figure 2.2. (a) Optical images of carbon nanotube (CNT) devices on a chip carrier after 
wirebonding. (b) Scanning electron microscope (SEM) image of a wirebonded CNT device. Scale 
bar is 200 µm. 
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Figure 2.3. (a) Process flow for nanosoldering CNT junctions. (b) Schematic diagram of vacuum 
system for our nanoscale CVD process. (c) Transfer characteristics of a CNT network device (left) 
in air and (right) in vacuum after oxygen removal steps from the device. The arrows indicate the 
VGS sweep direction. Corresponding energy band diagrams at the metal-CNT interface are shown 
in the insets of each graph. The left inset depicts hole injection into the CNT when a high work 
function metal, like Pd, contacts the CNT and the device is operated in air with VGS < 0 V (p-type 
behavior). The right inset depicts electron injection into the CNT when the oxygen molecules are 
desorbed off from the metal surface and CNTs in vacuum and VGS > 0 V is applied (n-type 
behavior).   
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Figure 2.4. (a) (Left) SEM image of crossbar CNT device before Pd deposition where current was 
passed between the two false-colored red electrodes to heat the CNT junctions. Blue electrodes 
were left floating. (Right) Zoomed-in CNT junctions indicated by yellow dotted box in the left 
image (top) before and (bottom) after Pd deposition showing traces of Pd along CNTs near the 
CNT junctions. (b) (Left) linear and (right) log scale transfer characteristics of the CNT network 
device before and after Pd deposition with VDS = 1 V. The red and blue arrows indicate the VGS 
sweep direction. Note that the IOFF was found by averaging the current in the regions indicated by 
black arrows. Please refer to Figure 2.5b for n-type transfer characteristic curves in vacuum.   
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Figure 2.5. (a) In-air transfer characteristics of the device in Figure 2.4a. (b) In-vacuum transfer 
characteristics of the device in Figure 2.4a. 
 
Figure 2.6. Time-dependence measurement of a nanosoldered device with VDS = 1 V and VGS = -
15 V showing stable current over a 20-hour interval. The inset plots show consistent transfer curves 
before (left) and after (right) the 20-hour current flow treatment. Each plot is composed of 10 
transfer curves measured consecutively.  
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Figure 2.7. (a) SEM image of a CNT crossbar device. (b) AFM images corresponding to the 
yellow dotted box in (a) before (left) and after (right) Pd deposition, showing Pd particles of sub-
10 nm size at the junctions. The bottom plots show height profiles along the CNT shown in the 
dotted boxes in the AFM images. (c) SEM image of a crossbar CNT device after intentional 
overdeposition of Pd. Current was passed between the two red false-colored electrodes. Green 
circles indicate where the EDS spectra in (d) were obtained. Scale bar is 5 µm.  (d) EDS spectra 
from Spot 1 (red) and Spot 2 (blue) verifying the presence of palladium. 
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Figure 2.8. (a) SEM images of CNT networks (left) before and (right) after nano-CVD of HfB2. 
The drain and source electrodes are false-colored in red and the deposited HfB2 is false-colored 
in yellow. (b) Energy dispersive X-ray spectroscopy (EDS) spectra from HfB2 deposited on CNT 
junctions (red) and on CNTs in the same device where no HfB2 was deposited (blue). 
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Figure 2.9. (a) SEM images of (top) CNT network with over-deposited HfB2 and (bottom) CNT 
network in the same device with no deposition of HfB2. Green circles indicate the spots where 
energy dispersive X-ray spectroscopy (EDS) spectra shown in (b) were obtained. Scale bar is 2 
µm. (b) EDS spectrum from spot 1 (red) and spot 2 (blue) verifying the presence of boron. 
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Figure 2.10. (a) False-colored SEM images of CNT network before (left) and after (right) HfB2 
deposition. Yellow circles are used to indicate CNT junctions where HfB2 was deposited. (b) 
Linear (left) and log (right) scale transfer characteristics of the CNT network device before and 
after HfB2 deposition with VDS = 50 mV. The arrows indicate VGS sweep direction. Note that the 
measurement in (b) was made before SEM imaging and the breaking of CNTs near the source in 
(a) was caused by electrostatic discharge during handling after the measurement.  
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Figure 2.11. Energy band diagrams at the metal-CNT interface showing (a) (top) back-to-back p-
type junctions when high work function metal, like Pd, is used to connect two semiconducting 
CNTs at a CNT junction with Pd electrodes and (bottom) back-to-back pnp junctions when low 
work function metal, like HfB2, is used to connect CNTs. (b) Energy band diagrams when (top) 
Pd and (bottom) HfB2 are used to connect two metallic CNTs at a junction. (c) Energy band 
diagrams showing (top) p-type junction when Pd is used to connect metallic and semiconducting 
CNTs at a CNT junction and (bottom) pn junction when HfB2 is used to connect CNTs. 
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Figure 2.12. (a) Summary of improvement in ION/IOFF ratios upon control experiment (black), HfB2 
deposition (red), and Pd deposition (blue). Points marked with * symbol correspond to CNT 
network devices and points marked with + symbol corresponds to CNT crossbar devices. (b) SEM 
image of a device indicated by green dotted circle in (a) before the control experiment. For the 
control experiment, current was passed between the source and drain of both red and blue 
electrodes. For Pd deposition, current was passed only between the red electrodes. (c) (Left) linear 
and (right) log scale transfer characteristics of the device in (b) measured between blue electrodes 
before and after the control experiment and Pd deposition. 
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CHAPTER 3 
Nanosoldering Carbon Nanotube Junctions using Solution-Mediated Selective 
Thermolysis Process1 
In the previous two chapters, we discussed how as-grown randomly aligned networks of 
carbon nanotubes (CNTs) invariably suffer from limited transport properties due to high resistance 
at the crossed junctions between CNTs and how the nanosoldering technique effectively improves 
the transport properties of CNT networks using the nanoscale chemical vapor deposition (CVD) 
process. In this chapter, we introduce a refined nanosoldering technique where Joule heating of 
the highly resistive CNT junctions is carried out in the presence of a spincoated chemical precursor 
using a solution-mediated process. The preliminary study on suitable chemical precursors, 
experimental details of the refined process to improve the junction resistance, the results and 
discussion on the effects of metals deposited on CNT junctions, and associated control study are 
presented. 
3.1 Preliminary Study of Chemical Precursors for Solution-Mediated Nanosoldering  
Chapter 2 demonstrated a new approach: selective deposition of metal nanosolder at the 
CNT junctions by a gas phase CVD process [1]. When current is passed through the CNT network, 
the high resistance at the CNT junctions generates nanoscale “hot spots” which trigger highly 
localized CVD of a metal such as Pd or HfB2 at the CNT junctions [1]. Although this nanosoldering 
technique lowers junction resistance and improves the current on/off (ION/IOFF) ratio, this CVD 
                                                          
 
Material in this chapter is reproduced with permission from J.-W. Do, N. N. Chang, D. Estrada, F. Lian, H. 
Cha, X. J. Duan, R. T. Haasch, E. Pop, G. S. Girolami, and J. W. Lyding, “Solution-mediated selective 
nanosoldering of carbon nanotube junctions for improved device performance,” ACS Nano, in press. 
Copyright American Chemical Society, 2015. 
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process limits the composition of the nanosolder to those materials for which there is a volatile 
CVD precursor with an onset temperature for deposition which is not too high. 
In this chapter, we describe a solution-based alternative to this CVD method which is also 
able to deposit nanometer scale metal selectively at the CNT junctions [2]. The new process 
involves spincoating a chemical precursor from a volatile solvent to layer a thin film of the 
precursor on top of the CNT network.  Subsequent passage of current through the network causes 
localized heating at the CNT junctions and induces selective thermal decomposition of the 
precursor. After the nanometer scale metal is deposited at the CNT junctions, the thermolysis 
byproducts and unreacted precursor are rinsed away. By using this non-CVD technique, we have 
been able to deposit nanometer scale Pd selectively at CNT junctions and improve the ION/IOFF 
ratio and mobility of CNT networks by an average factor of ~6. This solution-mediated technique 
is simple, fast, scalable with manufacturing techniques, and easily extendable to the deposition of 
other materials. 
3.1.1 Air Stability Test of CpPd(allyl) and Pd2(dba)3 
In order to implement the solution-mediated and open-to-air process, we initially 
investigated the precursor, C5H5PdC3H5 (CpPd(allyl)), which was used to nanosolder CNT 
junctions via local CVD discussed in Chapter 2. CpPd(allyl) is a volatile compound that undergoes 
thermal decomposition to deposit metallic Pd with the threshold temperature of about 250 °C 
without the use of a reducing co-reagent [3]. For the control study, the CpPd(allyl) precursor was 
dissolved in chloroform and spincoated onto a CNT network device as a solution, which was 
allowed to evaporate in air. The device was exposed to vacuum for several hours where 
nanosoldering would normally take place, and the precursor was removed by washing with the 
same solvent thoroughly without actually performing the nanosoldering step; i.e. passing current 
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through the CNT network. From this control study, a significant increase in the off currents of the 
CNT network devices was observed, leading to a large drop in the ION/IOFF ratio. We believe this 
undesirable feature is a result of the air sensitivity of CpPd(allyl) precursor, which decomposes 
quickly once it is exposed to air and leaves randomly dispersed Pd deposits across the CNT 
network. 
We then turned to another Pd precursor, Pd2(dba)3 (where dba = dibenzoylacetone), which 
is frequently used as a homogeneous catalyst in organic transformation for Pd source. We chose 
Pd2(dba)3 because it is soluble in common organic solvents such as chloroform, and it already 
contains zerovalent Pd metal center, making it ideal for spincoating application of the precursor 
on to different substrates in air [4]–[6]. We have performed the same control study as described 
above, and Figure 3.1 shows the changes in the on and off currents after  CpPd(allyl) and Pd2(dba)3 
precursors were spincoated on different CNT network devices and handled in air. As shown in 
Figure 3.1, the CpPd(allyl) precursor resulted in an increase in the off currents by an average of 
~1.72 × 10-9 A/µm, which is at least an order of magnitude higher than the initial off currents of 
the devices studied in our experiments. On the other hand, Pd2(dba)3 precursor did not result in 
any significant changes in both the on and off currents, indicating that the precursor does not 
significantly decompose in air at least for the duration of two days during which the entire 
experiment took place and that any residue from the precursor does not affect the current transport 
in the CNT network. 
3.1.2 Thermogravimetric Analysis (TGA) and X-ray Photoelectron Spectroscopy (XPS), 
and Energy-Dispersive X-ray Spectroscopy (EDS) of Pd2(dba)3 
In order to further investigate the thermal decomposition of Pd2(dba)3, we have performed 
thermogravimetric analysis (TGA). Figure 3.2 shows TGA of Pd2(dba)3, which was carried out 
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under a nitrogen environment with the inset showing its molecular structure. TGA shows that the 
onset of mass loss for Pd2(dba)3 occurs at ~180 °C, followed by a gradual decrease until the mass 
plateaued at ~500 °C. The final mass of ~23% corresponds to the production of PdO or Pd(0) with 
some carbon contamination. 
In order to further investigate the final deposits, ex-situ films were prepared by drop-
casting ~10 µL of dichloromethane solution of Pd2(dba)3 (2 mM) onto three separate silica 
substrates and evaporating the solvent in air. Each sample was then placed in a glass vial left either 
open to air (control and in air deposition) or sealed with a gas inlet connected to a vacuum manifold 
(vacuum deposition). The vials were heated to ~250 °C at 2.5 °C/min in a sand bath either at 
atmospheric pressure (air deposition) or at ~0.1 Torr (vacuum deposition), except for the control, 
which was stored at room temperature in atmosphere for the length of the experiment. After the 
samples cooled to room temperature, they were rinsed with dichloromethane to remove the 
byproducts and excess reactants, and dried in an air steam before the analyses using x-ray 
photoelectron spectroscopy (XPS) and energy-dispersive x-ray spectroscopy EDS (see Figures 3.3 
and 3.4). XPS measurements were carried out with a Kratos Axis Ultra spectrometer using 
monochromatic aluminum Kα radiation using pass energies of 160 eV (survey spectra) and 40 eV 
(high-resolution spectra). EDS analysis was performed using a FEI XL-30 SEM with field 
emission gun (FEG) source. 
As can be seen from XPS analysis in Figure 3.3, the control sample showed weak signals 
at binding energies that correspond to PdO and PdO2, which are very likely present as impurities 
in the commercial reagent [6]. On the other hand, the sample that was heated in air exclusively 
contained PdO (data not shown), while the sample that was heated in vacuum contained 
predominantly metallic Pd. Figure 3.4 shows EDS spectra collected from the control and vacuum-
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heated samples under the same acquisition conditions. The EDS data indicate that the deposited 
material from the vacuum heating contains Pd, while the PdO and PdO2 residues or impurities left 
on the control sample did not show any noticeable Pd peak, indicating that the amounts of these 
residues are very little and below the detection limit of EDS.  
3.2 Materials and Sample Preparation 
Since the thermal decomposition of Pd2(dba)3 under vacuum predominantly yields metallic 
Pd, we employed heating in vacuum for all our subsequent studies. Selective metal deposition of 
Pd onto CNT network devices supported on SiO2/Si substrates was carried out as shown in Figure 
3.5. CNTs were grown by CVD with the assistance of a ferritin catalyst (Sigma-Aldrich), which 
was diluted in deionized water and spincoated onto thermally grown 300 nm SiO2 films on a highly 
boron-doped silicon substrate (resistivity 0.05 Ω∙cm). Before CNT growth, the catalyst was 
oxidized by heating the wafer in air to 900 °C. After the wafer had been cooled to room temperature 
in air, the catalyst was reduced by heating it to 900 °C under H2. Then, the randomly aligned CNT 
networks were grown from a mixture of CH4 and H2 at 900 °C for 15 minutes. The CNT networks 
were patterned by standard photolithography and O2 plasma etching. For electrodes, 40 nm of Pd 
was evaporated onto a 0.5 nm Ti layer used to improve adhesion to the SiO2 film, and patterned 
by lift-off. Pd2(dba)3 was purchased from Aldrich and purified by methods described elsewhere 
[6]. About 12.0 mg of Pd2(dba)3 was dissolved in 1.0 mL of chloroform, and the solution was 
spincoated at 1500 rpm for 30 seconds onto the CNT network devices on SiO2/Si substrates. 
3.3 Methodology, Measurements, and Data Analysis 
The Pd2(dba)3 coated device was loaded into a vacuum-capable probe station, which was 
evacuated to a base pressure of ~10-5 Torr with in-situ metal probes to contact individual devices 
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and apply various voltages over specific time periods. After the deposition, the samples were 
removed from the vacuum probe station, rinsed thoroughly with clean solvent, and dried.  
In order to deposit Pd at the CNT junctions, VDS was applied for ~1.5 second periods first 
at 10 V and then increasingly larger biases (up to a maximum of 150 V). VGS was set to either -30 
V or 30 V depending on whether the device exhibits more p-type or n-type behavior; as current is 
passed and the associated heating in vacuum removes oxygen molecules within the device, the 
metal-CNT interface is altered and the device slowly converts from p-type to n-type [1], [7]–[9]. 
VGS was chosen such that both metallic and semiconducting CNTs are “turned on” and carry the 
highest current possible. This protocol was carefully followed until there was no longer any 
noticeable change in the transfer characteristics in order to avoid overheating of the CNT network, 
which could cause over-deposition of Pd and electrically short the device. 
All in-air and vacuum DC electrical characterizations in our experiments were performed 
with a Keithley 4200-SCS semiconductor analyzer and a Janis variable temperature probe station. 
Transfer characteristics were measured in air for each device before metal deposition. After metal 
deposition and removal of the byproducts and excess precursor by rinsing the substrates with clean 
solvents, the transfer characteristics were measured again for comparison. We used the threshold 
voltage (VT) found by the linear extrapolation method from peak conductance (gm = (dID/dVGS)max), 
ION at a constant VGS overdrive from the forward sweep (VGS – VT,FWD = -10 V), and IOFF as the 
minimum IDS from the same transfer curve to calculate the ION/IOFF ratio. For devices with VT,FWD 
< -10 V, IDS at VGS = -15 V is used as ION, and the constant VGS overdrive between VGS = -15V and 
VT,FWD is used for both before and after metal deposition cases. This approach compares all devices 
at similar charge densities and reduces variability due to VT shift, allowing a better comparison of 
performance across different devices. For devices with IOFF lower than the measurement limit, the 
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IOFF was chosen by averaging currents in the regions with fluctuations in the off state below VT 
[10]. We then compared the effect of our nanosoldering technique on the device field-effect 
mobility [10] using µFE = gmL/(WCOXVDS) where COX = 1.04 × 10
-8 F/cm2 is the gate capacitance 
per unit area calculated from the parallel plate model. The average and standard deviation of log 
on/off current ratio and mobility of our devices before Pd deposition are extracted as: 2.83 ± 0.64 
and 2.15 ± 2.01 cm2/V-s, respectively. We note that the parallel plate model highly overestimates 
the gate capacitance, thus underestimating µFE for low-density CNT networks because only a 
portion of the gate oxide is covered by CNT networks [11]–[13]. However, this effect does not 
interfere with our analysis of the relative improvement in µFE, which is measured by comparison 
of values before and after metal deposition. Image analysis with Gwyddion reveals that the fill 
factor of our networks is ~0.024; i.e. that approximately 2.4% of the device channel is covered by 
CNTs [14]. 
3.4 Results and Discussion 
 Figure 3.6 shows the transfer characteristic curves (VGS = -15 V to 15 V and VDS = 1 V) of 
a CNT network device whose channel length and width are L = 150 µm and W = 50 µm, 
respectively, before and after Pd deposition. The results indicate that ION was improved by a factor 
of ~4.4, whereas IOFF remained essentially the same, in agreement with our previous results using 
gas-phase CVD methods [1]. Deposition of Pd also improves the field-effect mobility of the 
devices, µFE, by a factor of ~3.9 from 0.97 cm
2/V-s to 3.78 cm2/V-s. For the six devices on which 
we deposited Pd via our solution-mediated process, the average improvements in the ION/IOFF ratio 
and mobility values were ~6.3 and ~6.0, respectively.  
Some hysteresis is apparent in the transfer characteristics of our devices, as is commonly 
observed for unencapsulated CNT network devices on back-gated SiO2/Si substrates [15]–[17]. 
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The hysteresis can arise from several factors, including charge injection into the dielectric substrate, 
charge trapping by surrounding water molecules, or electrochemical reaction of water and oxygen 
redox couples [18]–[23]. There was no significant change in the threshold voltage hysteresis 
(ΔVT,FWD – VT,REV) before and after Pd deposition. The average and standard deviation of the 
change in VT hysteresis of nanosoldered devices and control devices without the Pd precursor are 
extracted as 0.097 ± 0.50 V and -0.13 ± 0.51 V, respectively, suggesting that the solution-mediated 
deposition process does not introduce significant new trap states near the CNT/SiO2 interface [18]. 
3.5 Characterization and Effects of Deposited Pd on Carbon Nanotube Junctions 
Figure 3.7a shows a scanning electron microscope (SEM) image of a CNT network after 
Pd deposition and Figure 3.7b shows a control device where the precursor was applied onto a CNT 
network but no current was passed, showing no noticeable signs of metal particles or residues. 
Figures 3.7c to 3.7i show zoomed-in SEM images of the areas where Pd was selectively deposited 
at the CNT junctions, i.e. at hot spots under device operation.  
Figure 3.8a shows another CNT network device before spincoating the precursor and after 
depositing Pd and rinsing away the excess. Figure 3.8b, which shows a magnified SEM image of 
the area indicated by the red dotted box in Figure 3.8a, clearly indicates that Pd was selectively 
deposited at the CNT junctions. The inset in Figure 3.8b shows an atomic force microscope (AFM) 
image of the area indicated by the blue box. The height profiles from the AFM image show that 
some of the larger Pd nanoparticles are ~100 – 130 nm in height (Figures 3.8c and 3.8d), whereas 
others, which were not noticeable in the SEM images, are sub-60 nm in height (Figures 3.8e and 
3.8f). In addition to the selectively deposited Pd particles, small particles of ~15 nm in height are 
randomly scattered over the SiO2 surface (Figure 3.8g), which we attribute to impurities present 
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in the spincoating solution. Figure 3.8h shows a typical height profile for our CVD-grown CNTs, 
whose average diameter is 2.4 ± 1.1 nm as judged from AFM analysis. 
SEM images were collected on a Philips XL30 ESEM-FEG instrument at an operating 
voltage of 1 kV. EDS analysis was performed using a FEI XL-30 SEM with field emission gun 
(FEG) source. AFM images were collected using a Bruker Dimension IV AFM in tapping mode. 
The scan size was 7 µm × 7 µm with a scan rate of 0.5 Hz. The resolution was 1024 × 1024 pixels, 
and the drive amplitude and set point were carefully monitored to ensure good tracking of the 
surface. 
Because the junction resistance depends on many factors, including the separation distance, 
overlap area, and the electrical types of CNTs involved in the intertube junctions [24]–[26], some 
CNT junctions may undergo Pd deposition at lower current (corresponding to lower VDS) than 
other CNT junctions. Because the deposited metal lowers the junction resistance (by increasing 
the area available for carrier flow and a reduced energy barrier), more current can now pass through 
the same CNT junctions. When VDS is increased even more to deposit Pd elsewhere, already-
deposited CNT junctions may still get hot enough to cause thermal decomposition of leftover 
Pd2(dba)3 precursor, which may result in varying heights of deposited Pd particles. 
 To confirm that deposited particles are indeed Pd, we performed EDS measurements on a 
Pd-nanosoldered device. The red curve in Figure 3.9 shows the EDS spectrum obtained from a 
bright particle located at a CNT junction (Spot 1 in the inset SEM image), whereas the blue curve 
shows the EDS spectrum obtained from the bare SiO2 surface (Spot 2). The data clearly suggest 
that Pd has been deposited selectively at the CNT junctions.  
Figure 3.10 shows the results of an air stability test performed on the Pd-nanosoldered 
device from Figure 3.6a.  After 10 transfer characteristic curves were initially measured, current 
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was passed through the device in air for 21 hours with VDS = 1 V and VGS = -15 V.  After this time, 
an additional 10 transfer characteristic curves were measured. The stability test shows that the 
current IDS decreases over the first 1.2 hours by about a factor of 3. Most likely, this decrease is 
due to the increasing adsorption of water molecules, which either act as electron donors for the p-
type CNTs or the trap charges to create a positive electric potential that reduces the effective 
negative VGS [22], [27]–[30]. After the initial decrease, the current stayed relatively stable for the 
remaining 20 hours of the test. The stable current during the device operation in Figure 3.10 and 
consistent transfer curves before and after the 21-hour current pass indicate that our technique does 
not cause any stability issues related to possible electromigration or oxidation of deposited Pd.  
3.6 Control Experiments 
For control experiments, CNT network devices were coated with Pd2(dba)3 using the 
similar conditions used for metal deposition; ~12.0 mg of Pd2(dba)3 was dissolved in 1.0 mL of 
chloroform, which was spincoated on to CNT network devices at 1500 rpm for 30 seconds, 
resulting in ~180 nm thick film of the precursor (see Figure 3.11a). After letting the chloroform 
evaporate in air, the CNT network devices were loaded into a vacuum chamber, and finally rinsed 
away without passing any current through the CNT network in order to test if any impurity or 
residue from the precursor could affect the device performance or if the precursor breaks down 
without heating under the given experimental conditions. Figure 3.11b shows the transfer 
characteristics in this control experiment, which indicates that there is essentially no change in the 
transfer characteristics after this treatment. 
Additional control experiments were conducted on different CNT network devices where 
devices were treated with similar Joule heating methods in vacuum but in the absence of the 
precursor, and then exposed back to air for sufficient time (over 24 hours) to test that the 
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performance improvement was due to other experimental factors including current-induced 
annealing of contacts. Figures 3.12a and 3.12b summarize the degree of improvement in the 
ION/IOFF ratio (ION/IOFF,AFTER / ION/IOFF,BEFORE) and µFE (µFE,AFTER / µFE,BEFORE) for these devices, 
along with the devices where Pd particles were deposited. As can be seen in the figure, the 
performance of control devices remained about the same, while the devices treated with Joule 
heating and Pd precursor had average improvement factors of ~6.3 and ~6 in the ION/IOFF and µFE, 
respectively. 
3.7 Conclusion 
 We developed a new technique to deposit nanoscale metal selectively at CNT junctions; 
this bottom-up nanosoldering method lowers the resistivity of the junctions in CNT network 
devices. The resistive CNT junctions were locally heated by passing current across the device, 
which promotes thermal decomposition of a spincoated chemical precursor and deposition of metal 
(here, Pd) at the heated CNT junctions, improving the overall transport characteristics of the device. 
This solution-mediated application process does not require volatile precursors, and is simple, fast, 
and scalable with manufacturing techniques. This process can easily be generalized to deposit 
other nanomaterials onto CNT network devices in a selective fashion. 
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3.8 Figures 
 
  
Figure 3.1. Summaries of changes in the on currents (left) and off currents (right) upon the control 
experiment with CpPd(allyl) precursor (black) and with Pd2(dba)3 precursor (red) without any 
current pass. 
 
 
Figure 3.2. Thermogravimetric analysis (TGA) and its molecular structure of Pd2(dba)3 as a 
precursor for Pd. 
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Figure 3.3. XPS survey (left) and high-resolution (right) spectra of silica substrates for Pd2(dba)3 
study. Red curve corresponds to a sample where the deposited Pd2(dba)3 was heated under vacuum, 
followed by solvent rinsing, while blue curve corresponds to a control sample where the deposited 
Pd2(dba)3 was stored in air, followed by solvent rinsing. 
 
 
Figure 3.4. EDS spectra from the vacuum-heated sample (red) and the air-stored control sample 
(black). 
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Figure 3.5. Schematic diagrams of (a) carbon nanotube (CNT) network growth on a SiO2/Si 
substrate by chemical vapor deposition (CVD), (b) device fabrication using standard 
photolithography and e-beam evaporation for channel and contact patterning with Ti/Pd (0.5/40 
nm) electrodes, (c) solution-mediated application of the Pd2(dba)3 precursor onto CNT networks 
by spincoating, and (d) selective Pd deposition triggered by resistive heating at CNT junctions 
under device operation in a vacuum probe station. 
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Figure 3.6. Transfer characteristics of a CNT network device before and after Pd deposition in 
(left) linear and (right) log scales with VDS = 1 V. The arrows indicate VGS sweep direction. Channel 
length and width are L = 150 µm and W = 50 µm, respectively for both devices. 
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Figure 3.7. (a) A scanning electron microscope (SEM) image of a CNT network after Pd 
deposition. Scale bar is 5 µm. (b) An SEM image of a control device where precursor was applied 
without any current flow, showing no noticeable Pd particles or residues. Scale bar is 5 µm. (c-i) 
Zoomed-in SEM images of CNT network showing CNT junctions nanosoldered with Pd particles. 
The scale bar is 1 µm. 
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Figure 3.8. (a) SEM images of a CNT network (left) before and (right) after Pd deposition. (b) 
Zoomed-in SEM image of CNT network indicated by red dotted box in (a) with inset showing 
AFM image of the region indicated by the blue box. The dimensions of AFM image are 7 µm × 7 
µm. (c-d) Height profiles of large deposited Pd particles along the green and dark yellow lines in 
the AFM image of (b). (e-f) Height profiles of smaller deposited Pd particles along the pink and 
red lines. (g) Height profile of even smaller particle that is typically found randomly scattered over 
the surface. (h) Height profile of a typical CNT grown by CVD. 
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Figure 3.9. Energy dispersive X-ray spectroscopy (EDS) spectrum from a CNT network after Pd 
deposition. The red curve is collected from spot 1 and the blue curve is collected from spot 2 in 
the inset SEM image, corresponding to bright particles at carbon nanotube junctions and on bare 
SiO2 surface, respectively. The EDS data indicate that the deposited material is indeed Pd and that 
the obtained spectrum is not simply from impurities or residues of the precursor solution. 
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Figure 3.10. Time-dependence measurement of a CNT network device after Pd nanosoldering 
with VDS = 1 V and VGS = -15 V. Channel length and width are L = 150 µm and W = 50 µm, 
respectively. After an initial current drop for about 1.2 hours, the current stays stable for the 
remaining 20 hours of the test. The inset plots show consistent transfer characteristic curves (left) 
before and (right) after the 21-hour current pass treatment. Each plot is composed of 10 transfer 
curves measured consecutively. 
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Figure 3.11. (a) Cross-section SEM image of spincoated Pd2(dba)3 film on a silica substrate. (b) 
Transfer characteristics of a control CNT network device before precursor application and after 
rinsing away the precursor and drying in (left) linear and (right) log scales with VDS = 1 V, showing 
no change in the device performance. Channel length and width are L = 150 µm and W = 50 µm, 
respectively for both devices.  
 
 
Figure 3.12. Summaries of improvement in (a) ION/IOFF ratios and (b) µFE upon control experiment 
with precursor but no bias (black), with bias but no precursor (red), and upon Pd deposition with 
precursor and bias (blue). 
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CHAPTER 4 
Nanosoldering Graphene Grain Boundaries using a Solution-Mediated 
Selective Thermolysis Process 
Similar to carbon nanotube (CNT) junctions in the CNT network devices discussed in the 
previous chapters, the grain boundaries (GBs) in CVD-grown polycrystalline graphene devices are 
known to result in reduced device performance and reliability. In this chapter, we address this 
problem by applying our solution-mediated nanosoldering technique to graphene devices where 
the GBs act as heat sources that trigger similar chemistry to selectively deposit metal at the GBs 
and self-heal the GBs. A brief introduction to graphene GBs and their effects on the properties of 
graphene, experimental details, the results and discussion of the effects of metals deposited on 
graphene GBs, and preliminary studies on the nanosoldering conditions are presented. 
4.1 Background on Graphene Grain Boundaries 
 As mentioned briefly in Chapter 1, single crystalline graphene has high electrical and 
thermal conductivity [1]–[3], as well as high tensile strength [4], making it an excellent candidate 
for transparent and flexible electrodes [5]. Some of the methods to prepare highly crystalline 
graphene include mechanical-cleavage from highly oriented pyrolytic graphite (HOPG) [3], [6], 
graphitization of SiC surfaces [7], [8], growth from a single nucleation site [9], and catalytic and 
epitaxial growth on a single-crystal substrates where unidirectionally aligned graphene grains grow 
and coalesce to form a single crystalline layer [10]. However, these methods may not be applicable 
to prepare large-area single-crystalline graphene or be practical for reproducible high throughput 
synthesis of large areas of single crystalline graphene at low cost. 
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Instead, polycrystalline graphene can be inexpensively grown via a CVD process and 
manipulated through well-established transfer techniques. As mentioned earlier, graphene grown 
on transition metal substrates [11]–[15], in particular single-layer graphene on copper, has 
generated much interest due to its low cost and its potential to produce large-area monolayer 
graphene [13]. A recent study indicates that a certain crystallographic orientation of copper 
produces pristine monolayer graphene with few defects [16], suggesting technological applications 
based on transferring the graphene grown on copper onto different substrates. However, since the 
growth of graphene is not epitaxial, its growth on copper leads to randomly oriented graphene 
grains which eventually coalesce into a full film and form graphene GBs, which produce resistive 
defect sites similar to the junctions in CNT networks [13], [17], [18]. The effects of GBs have been 
shown to modify electronic structure of graphene [19]–[21]  and cause deleterious effects on 
mechanical, thermal, and electrical properties of graphene [22]–[25]. 
For example, a recent study measured a large temperature increase at GBs between 
coalesced grains up to 100 K [26], and studies have shown the electrical resistance of graphene 
GBs where the measured resistivity of GBs varies largely from ~ 8 to 43,000 Ω∙µm depending on 
the types of GBs, fabrication methods, and measurement methods [22], [23], [25], [27]–[31]. In 
this chapter, we aim to utilize our refined solution-mediated nanosoldering technique to trigger 
localized deposition of Pd on the GBs using the heat generated at the GBs and study the effects of 
deposited Pd on the graphene properties. 
4.2 Materials and Sample Preparation 
Graphene devices from two different graphene growth methods have been used in this 
study: multiple graphene GB and single graphene GB devices. The large-area graphene devices 
with multiple GBs were fabricated using graphene grown on 1.4 mil (~35 μm) thick copper foils 
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(Basic Copper, 99.9% pure copper, flame annealed to dead soft temper) by CVD with back-filled 
H2 and CH4 gases in an Atomate hot-wall commercial system [32], [33]. The graphene devices 
with single GBs were fabricated using graphene grown on 125 µm thick copper foils by 
atmospheric pressure chemical vapor deposition (APCVD) similar to previous reports [27], [34]. 
The Cu foil was first electropolished in H3PO4, and the foils were then annealed for 1 hour at 
1000 °C under H2 in Ar. The growth was performed by addition of 0.1% CH4 for 90 min [27], [34]. 
Figures 4.1a-d show examples of completed multiple graphene GB devices with different device 
dimensions, and Figures 4.1e-g show examples of single graphene GB devices with two individual 
graphene grains of recognizable edges at 120° angles, characteristic for samples prepared in 
hydrogen rich atmosphere [18], [34]. 
For transfer of graphene, the receiver substrate was cut into ~1.5 × 1.5 cm2 pieces and 
cleansed with acetone, isopropanol alcohol, and deionized water, and dried with N2 gas. Graphene 
grown on copper foil was cut into ~1 × 1 cm2 pieces. It was then transferred onto SiO2 (300 or 90 
nm)/Si substrates using a dual stack of poly(methyl methacrylate) (PMMA) for support and 
protection (60 nm of 495 A2 and 250 nm of 950 A4). PMMA was removed using a 1:1 solution 
of dichloride-methane and methanol, followed by a H2/Ar anneal (2 hours at 400 °C). 
 After transferring graphene onto SiO2/Si substrates, the samples were annealed at 400 °C 
under 500 sccm Ar and 100 sccm H2 flow to remove residual PMMA. Standard lithography was 
used to pattern the contacts for multiple graphene GB devices, while electron beam (e-beam) 
lithography was used to pattern contacts for the single graphene GB devices with 1/70 nm of Cr/Pd. 
4.3 Methodology, Measurements, and Data Analysis 
In order to implement a similar nanosoldering technique for graphene GBs, we investigated 
the two Pd precursors that were studied in previous chapters: CpPd(allyl) and Pd2(dba)3. The 
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precursors were prepared using the same methods described in Chapters 2 and 3. In order to 
analyze and compare the electrical performance of graphene devices before and after Pd deposition, 
we measured I-V characteristics (IDS-VGS and IDS-VDS) in vacuum (10
-5 Torr) after annealing the 
devices at T = 500 K for 1 hour. For IDS-VGS, VGS was swept from -30 V to 30 V unless noted 
otherwise with VDS = 50 mV for multiple graphene GB devices and VDS = 10 mV for single 
graphene GB devices. For IDS-VDS, VDS was swept from 0 V to 5 V while VGS was chosen to provide 
a constant VGS overdrive (VGS – V0 = -10 V) where V0 is the dirac point found from the lowest IDS 
point from the IDS-VGS curve. This approach compares all devices at similar charge densities and 
reduces variability due to V0 shift due to adsorption of water and/or oxygen molecules, allowing a 
better comparison of performance across different devices. 
In order to actually deposit Pd at the GBs, about 15.0 mg of each precursor was dissolved 
in 2.0 mL of chloroform, and the solution was spincoated at 1500 rpm for 30 seconds onto the 
graphene devices on SiO2/Si substrates. The Pd precursor coated device was then loaded into a 
vacuum-capable probe station, which was evacuated to a base pressure of ~10-5 Torr with in-situ 
metal probes to contact individual devices and apply various voltages for ~1.0 second time periods, 
while VGS was set floating. After the deposition, the samples were removed from the vacuum probe 
station, rinsed thoroughly with clean solvent, and dried. Figure 4.2 shows the schematic diagram 
of the selective metal deposition process. 
4.4 Results and Discussion 
 Figure 4.3 shows SEM images of multiple graphene GB devices (L = 8 µm and W = 20 
µm) where CpPd(allyl) precursor was used to deposit Pd. Figure 4.3a shows a control device 
where the precursor was applied but no current was passed, showing no signs of Pd deposition, 
while Figures 4.3b-d show devices where VDS was applied up to 4 V, 8 V, and 10 V, respectively. 
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The images clearly indicate that Pd was deposited along specific locations on the graphene sheet, 
which may correspond to the GBs or wrinkles that heat up during device operation. Figures 4.4a-
d show IDS-VGS and IDS-VDS plots corresponding to devices in Figures 4.3a-d, respectively. As 
shown in the IDS-VGS plots, the slopes of all the devices including the control device have been 
lowered, indicating decreased mobility of the devices. The resistances of the graphene sheets in 
Figures 4.3a-d, found by linear fitting of the IDS-VDS curves before and after Pd deposition, indicate 
that the resistances have been increased by 17.54%, 13.18%, 13.74%, and 17.03%, respectively. 
This is most likely because nanosoldering from CpPd(allyl) produces PdO instead of metallic 
palladium due to its air sensitivity as discussed in Chapter 3. 
 Next, we tried Pd2(dba)3 precursor since it has been shown to exhibit air insensitivity 
compared to CpPd(allyl) precursor (Chapter 3), which makes it ideal for spincoating application 
to graphene devices in air and nanosoldering in vacuum to render metallic palladium. Figure 4.5a 
and Figure 4.5c show SEM images of multiple graphene GB devices (L = 8 µm, W = 20 µm and L 
= 4 µm, W = 20 µm, respectively) after Pd deposition. Figure 4.5b and Figure 4.5d show zoomed-
in SEM images of the region indicated by yellow dashed boxes in Figure 4.5a and Figure 4.5c, 
respectively. As one can see, Pd was selectively deposited in certain domains (Figure 4.5b) and 
along specific lines (Figure 4.5d) that may correspond to the most resistive graphene grains and 
grain boundaries that heat up the most during device operation. Depending on how high and how 
long VDS was applied between source and drain electrodes of the graphene devices, different parts 
of the graphene sheet including individual grains and grain boundaries can heat up accordingly 
and result in different amounts of Pd deposition. Figure 4.5e shows an SEM image of another 
multiple graphene GB device where VDS was applied up to 12.5 V, which does not show noticeable 
signs of Pd deposition. However, AFM analysis (Figure 4.5f) of the region indicated by red box in 
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Figure 4.5e shows that a small amount of Pd was selectively deposited in the region below a 
specific line, which may correspond to a graphene GB. Figure 4.5g shows IDS-VGS plots where the 
minimum current at the dirac point was increased by 24.79 %, while the maximum slope 
corresponding to mobility was increased by 24.85 % after Pd deposition. 
 In order to confirm that Pd is indeed being deposited at the GBs, single graphene GB 
devices are used next. First, scanning Joule expansion microscopy (SJEM) was used to directly 
verify the temperature rise at the GBs and wrinkles during the device operation by measuring 
thermo-mechanical expansions of poly(methyl methacrylate) (PMMA) layer spincoated on top of 
single graphene GB devices. The details of SJEM study can be found in a recent report [26]. Figure 
4.6a shows SJEM image overlaid on an SEM image of a single graphene GB device showing 
localized heating at a GB where two individual graphene grains meet. Figures 4.6b and 4.6c show 
SEM images of this device before and after Pd deposition, clearly indicating that Pd was deposited 
at the GB. Figure 4.6d shows IDS-time plots in which current was passed with VDS = 8 V for ~1 
second time periods with Pd2(dba)3 precursor on top of the device in vacuum. As one can see in 
the figure, current increased over time and also in the successive current passes. Figures 4.6e and 
4.6f show IDS-VGS and IDS-VDS plots for this device before and after Pd deposition where the 
resistance decreased by 17.1 % from 5.73 kΩ to 4.73 kΩ. 
 Figure 4.7a shows SJEM image overlaid on an SEM image of a similar single graphene 
GB device. Note that the same conditions were used for both devices in Figure 4.6 and Figure 4.7 
in the SJEM study, but the heating was more localized and prominent for the device in Figure 4.6. 
Figures 4.7b and 4.7c show SEM images before and after Pd deposition where nearly the entire 
graphene channel between source and drain electrodes was deposited to form a Pd layer (Figure 
4.7c). Figure 4.7d shows IDS-time plots in which current was passed in vacuum with VDS = 8 V for 
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~1 second time periods with Pd2(dba)3 precursor present on the device. Unlike the device in Figure 
4.6, the current was decreased over time and also in the successive current passes, and the device 
performance degraded with increased resistance by 25.6 % from 3.24 kΩ to 4.03 kΩ (Figures 4.7e 
and 4.7f). The overdeposition of Pd and the associated degradation of device performance could 
be due to the fact that heating in this graphene device was more evenly distributed, possibly due 
to better inter-domain connectivity with more periodic and ordered GBs, which would result in 
minimal electrical impact on the overall device transport properties [27], [28], [35]. The 
overdeposition of Pd, which formed a layer over the GBs as well as the pristine graphene sheet, 
may also add more scattering to the conduction in the graphene layer and cause the degradation of 
device performance. 
4.5 Control Studies on the Effects of Biasing and Applying Pd2(dba)3 on the Graphene 
Devices 
 For control studies, we investigated the effects of the biasing conditions used to locally 
heat the GBs in vacuum, but without actually applying the chemical precursor on the graphene 
devices. First, we measure I-V characteristics (IDS-VGS and IDS-VDS) in vacuum (10
-5 Torr) after 
annealing the devices at T = 500 K for 1 hour. After the annealing step has been finished and the 
devices are cooled to room temperature, VDS = 12 V was applied five times for 1 second time 
periods to four different graphene devices (L = 8 µm and W = 20 µm). For each graphene device, 
gate biases were set to -20 V, VDS, and 20 V, and floating. Figure 4.8 shows IDS-VGS plots with VDS 
= 50 mV where the IDS-VGS curves are highly shifted for the VGS = ± 20 V cases. For the cases of 
VGS = ± 20 V, the slope of the transfer curves have been also decreased near the dirac points, 
indicating degradation of charge carrier mobilities. These changes in the transfer characteristics 
could be due to the increased coupling to the trapped charges between graphene and the substrate 
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as the different polarity induced by VGS and high VDS may bring the graphene closer to the SiO2 
surface. This is similar to the case where graphene mobility degrades when annealing is performed 
at too high a temperature and brings graphene in close contact to the SiO2 substrates [36]. On the 
other hand, the changes in the transfer characteristics were minimal when VGS was set to either VDS 
or left floating while VDS was applied. 
In order to further test the possibility that any change in graphene device performance was 
due to factors other than nanosoldering the GBs with Pd, we performed a control experiment where 
Pd precursor was spincoated using the similar method detailed earlier onto graphene devices. Then, 
the devices were loaded into a vacuum chamber and kept at a pressure of ~ 10-5 Torr overnight 
before it was rinsed and measured again inside vacuum after annealing. Figure 4.9a shows the 
transfer characteristic curves and Figure 4.9b shows Raman spectroscopy data for a control device 
before and after applying the Pd precursor but without actually applying any bias in the device. As 
one can see, there is essentially no change in the device performance of graphene properties, and 
the intensity of the D-band at about 1350 cm-1, which corresponds to the concentration of defects, 
did not change after the treatment [37]. 
4.6 Conclusion and Future Work 
 By utilizing the solution-mediated nanosoldering technique we have previously developed 
for CNT junctions, we have applied a similar technique to nanosolder the graphene GBs. From 
control studies on the effects of biasing conditions and on the effects of applying different Pd 
precursors, we have found an ideal set of conditions to selectively deposit metallic Pd at the GBs 
using Pd2(dba)3 precursor. Using characterization techniques such as SEM, AFM, and SJEM, we 
verified that GBs are indeed the hot spots during the device operation, and that Pd is indeed 
selectively deposited at the GBs. 
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 Similar to the CNT junctions where the electrical resistances are largely dependent on the 
electrical type of CNTs involved, the overlap area, and separation gap [38]–[41], the resistance of 
graphene GBs is also largely dependent on connectivity of individual GBs including the periodicity 
and orders of GBs [27], [28], [35]. However, our electrical transport results suggest that the degree 
of improvement in the overall device performance upon nanosoldering the graphene GBs (up to 
~25 %) is much smaller than that of nanosoldering the CNT junctions (up to nearly an order of 
magnitude). The possible reason for this discrepancy could be that unlike CNT junctions where 
the individual CNTs are actually separated by a finite gap, individual graphene grains at GBs are 
still covalently connected albeit with disturbed crystallinity. Therefore, there is a larger potential 
for improvement when metal is deposited at the CNT junctions to facilitate charge carrier hopping 
from one CNT to another, while the deposited metal on graphene GBs may not contribute much 
to the improvement in the overall device performance because the inherent problems of GBs are 
not solved. 
 We expect that thermal resistance at the GBs may still change greatly upon nanosoldering 
the GBs because the selectively deposited metal can provide a thermally conductive volume in 
which heat can dissipate more efficiently between individual grains. Our future work will include 
analyzing the temperature distribution of graphene devices before and after Pd deposition using 
SJEM. The selective deposition of metal at the GBs can also enable selective doping and 
engineering of the GBs for further applications with enhanced device reliability, such as 
conductive electrodes and chemical sensors on flexible and transparent substrates. 
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4.7 Figures 
 
Figure 4.1. SEM images of (a-d) large-area multiple graphene GB devices with different channel 
dimensions where scale bars are 20 µm and (e-g) single graphene GB devices where scale bars are 
5 µm. 
 
 
 
Figure 4.2. Schematic diagrams of (a) a fabricated graphene device showing misoriented graphene 
grains with a GB and (b) selective Pd deposition triggered by resistive heating at the GB under 
device operation in the presence of metal precursor spincoated from a solution.  
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Figure 4.3. SEM images of multiple graphene GB devices (L = 8 µm and W = 20 µm) where 
CpPd(allyl) precursor (a) was spincoated and rinsed afterwards without passing any current as a 
control, showing no signs of Pd deposition, while CpPd(allyl) precursor was used to deposit Pd 
with VDS applied up to (b) 4 V, (c) 8 V, and (d) 10 V. The images clearly indicate selective Pd 
deposition at specific regions in the graphene sheet which may correspond to GBs and wrinkles. 
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Figure 4.4. IDS-VGS (left) and IDS-VDS (right) plots corresponding to devices in Figures 4.3a-d 
before and after Pd deposition where VDS was applied up to (a) 0 V, (b) 4 V, (c) 8 V, and (d) 10 V 
in the presence of CpPd(allyl) precursor in vacuum. 
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Figure 4.5. (a) SEM image of a multiple graphene GB devices (L = 8 µm and W = 20 µm) after 
Pd deposition. (b) Zoomed-in SEM image of a region indicated by yellow dotted box in Figure 
4.5a. (c) SEM image of a multiple graphene GB device (L = 4 µm and W = 20 µm) after Pd 
deposition. (d) Zoomed-in SEM image of a region indicated by yellow dotted box in Figure 4.5c. 
(e) SEM image of a multiple graphene GB device and (f) AFM image of a region indicated by red 
box in Figure 4.5e. (g) IDS-VGS plots of a multiple graphene GB device before and after Pd 
deposition using Pd2(dba)3.  
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Figure 4.6. (a) SJEM image overlaid on an SEM image of a single graphene GB device showing 
localized heating at a GB. SEM images of the same device (b) before and (c) after selective Pd 
deposition at the GB. (d) IDS-time plots in which current was passed with VDS = 8 V for ~1 second 
time periods with Pd2(dba)3 precursor on top of the device in vacuum. (e) IDS-VGS and (f) IDS-VDS 
plots for this device before and after Pd deposition. 
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Figure 4.7. (a) SJEM image overlaid on an SEM image of a single graphene GB device showing 
less localized heating at a GB compared to the device in Figure 4.6. SEM images of the same 
device (b) before and (c) after Pd deposition, which resulted in overdeposition of Pd. (d) IDS-time 
plots in which current was passed with VDS = 8 V for ~1 second time periods with Pd2(dba)3 
precursor on top of the device in vacuum. (e) IDS-VGS and (f) IDS-VDS plots for this device before 
and after Pd deposition. 
 
  
84 
 
 
 
 
 
 
 
Figure 4.8. IDS-VGS plots for a control study where VDS = 12 V was applied for 1 second time 
periods five time in vacuum without applying any precursor with VGS set to (a) -20 V, (b) VDS, (c) 
20 V, and (d) floating. 
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Figure 4.9. (a) IDS-VGS plots for a control study where Pd2(dba)3 precursor was spincoated and 
rinsed afterwards without passing any current. (b) Raman spectra from the graphene in Figure 4.8a 
before applying the precursor and after rinsing it away. Both spectra show the characteristic 
graphene fingerprints of D (~ 1350 cm-1), G (~ 1590 cm-1), and 2D (~ 2685 cm-1) peaks. Excitation 
laser wavelength was 532 nm. 
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CHAPTER 5 
Electronic Self-Healing of Carbon Nanotube Junctions via Covalent Linking 
Using Organic-Based Precursors 
 In previous chapters, we have demonstrated nanosoldering in carbon nanotube (CNT) and 
graphene devices where the current-induced Joule heating was utilized to selectively metallize the 
CNT junctions and graphene grain boundaries. In this chapter, we demonstrate the versatility of 
this self-healing process by using organic based precursor to further improve the performance of 
CNT devices. By using a bottom-up assembly process that uses halogenated aromatic hydrocarbon 
precursor, (1,3,5-tris(2-bromophenyl)benzene (2TBB)), we attempt to deposit covalent networks 
of carbon atoms that covalently link individual CNTs at the resistive junctions. A brief introduction 
on covalent linking of CNTs and the synthesis of graphene nanoribbons (GNRs) using halogenated 
aromatic hydrocarbons will be presented. Then, description of sample preparation, experimental 
details, results and discussion of the effects of 2TBB precursor, and preliminary scanning tunneling 
microscope (STM) study on the interaction between 2TBB and CNTs will be presented. 
5.1 Background on Covalent Linking of CNTs and Synthesis of GNRs Using Organic 
Based Precursors 
 As previously mentioned in the introduction and Chapters 2 and 3, individual CNTs in a 
network are separated by a certain gap and held together weakly by van der Waals interactions [1], 
[2]. As a result, the electrical, thermal, and mechanical properties of CNT-based devices suffer 
from lowered performance and reliability due to the high electrical [1]–[5] and thermal [6]–[9] 
resistances at the junctions, as well as lower mechanical pulling resistance between CNTs [10]–
[12]. For this reason, there has been great interest in transforming the weak van der Waals 
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interactions between individual CNTs into covalently bonded molecular junctions. For example, 
some of the popular methods have used electron [13]–[16] and ion [16] irradiation and electrical 
current sources [17]–[20] in order to locally change the structure and morphology of CNT 
junctions. However, these methods typically involve extremely high temperatures (750 – 2,200 °C) 
[14], [21], [22] and destruction of CNTs by electrical breakdown [17], [19], [20], which may not 
be compatible or reproducible with scalable processes on a large scale. A recent study [23] has 
demonstrated inter-allotropic transformations of carbon bonds across large-area CNT bundles by 
transforming single-walled CNTs (SWCNTs) with small diameters into SWCNTs with larger 
diameters and multi-walled CNTs using alternating voltage pulses. While the exact mechanism 
that initiates the reconfiguration of carbon atoms is still not clear, it is construed to be the combined 
effects of instantaneous local temperature at the CNT junctions, coherent mechanical forces that 
bring CNTs into close proximity induced by applied voltage pulses, and electromigration 
momentum from electrons to carbon atoms at elevated temperature [23]. 
There has also been great interest in forming covalent bonds between individual 
halogenated aromatic hydrocarbons to transform them into graphene nanoribbons (GNRs) through 
dehalogenation and dehydrogenation processes [24]–[27]. This bottom-up fabrication of GNRs by 
on-surface polymerization of halogenated aromatic molecules allows the formation of atomically 
precise GNRs with specific topologies and widths, enabling bandgap engineering of GNRs [24]–
[27]. For example, atomically precise GNRs were formed with a bromine-substituted bianthracene 
species where GNRs were formed through a radical mechanism; these molecules thermally 
dehalogenate at about 200 ºC, followed by dehydrogenation at about 400 ºC during which the 
intramolecular cyclodehydrogenation occurs to form extended sp2 structure that densify into GNRs 
and graphene sheets [27]. Recently, similar coupling processes have been demonstrated by another 
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halogenated aromatic hydrocarbon monomer, 1,3,5-tris(4-bromophynyl)benzene (4TBB), to 
render the formation of C-C bonded covalent two-dimensional networks [24]–[26]. 
In this chapter, we combine our nanosoldering process with the 2TBB precursor (an isomer 
of 4TBB) in order to address the CNT junction problem. The junctions will act as the heat sources 
that drive the chemistry to produce the debrominated intermediates of 2TBB that may readily react 
with the highly curved CNT sidewalls. The highly curved CNT sidewalls result in partial sp3 
hybridization, especially accentuated in small-diameter CNTs, making them more reactive than 
larger-diameter CNTs [28], [29]. While our previous nanosoldering study [30] via selective 
metallization at the CNT junctions has shown significant success in improving current on/off 
(ION/IOFF) ratio and mobility of CNT network devices, we believe that this covalent network of 
carbon atoms can potentially lead to further improvement by creating an all-carbon system with 
ideal work function matching at the CNT junctions. 
5.2 Materials and Sample Preparation 
The CNT growth and device fabrication were carried out using the same method as detailed 
in Chapters 2 and 3. The only difference was that devices with different CNT densities were used 
in this work by preparing CNT networks of three different densities: high, medium, and low. The 
CNT networks with such densities were achieved by changing the concentration of ferritin catalyst 
prior to the growth. Ferritin (Sigma-Aldrich) catalyst was diluted in deionized water with the 
following conditions: ~0.5 mg/mL, ~0.25 mg/mL, and ~0.0625 mg/mL for high, medium, and low 
density CNT networks, respectively.  
The 2TBB precursor used in our experiments was synthesized by Peter Sempsrott in 
Professor Girolami’s group in the Chemistry Department. In order to synthesize the 2TBB 
precursor, 2’-bromoacetophenone (2.7 mL, 20.0 mmol, 1 equiv) was added via syringe to a small 
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oven-dried Schlenk tube under argon. Trifluoromethanesulfonic acid (triflic acid, TfOH) (0.2 mL, 
2.3 mmol, 0.1 equiv) was added via syringe, and the solution was heated under active argon flow 
to 130 °C for 7 hours with stirring. The dark brown solution was cooled to room temperature, 
quenched with ~20 mL of water, and extracted with dichloromethane. The organic layer was dried 
with MgSO4 and evaporated. The crude residue was purified by silica gel chromatography eluting 
with pentane/dichloromethane (6:1) to give a light yellow solid. The solid was recrystallized from 
hexane/dichloromethane to afford 1.336 g (37% yield) of white crystalline product [31]. Figure 
5.1a shows the synthesis scheme for 2TBB and Figure 5.1b shows the steps for GNR synthesis 
using 2TBB through debromination and dehydrogenation processes. 
5.3 Methodology, Measurements, and Data Analysis 
Once the CNT devices are fabricated and the 2TBB precursor is prepared, solution-
mediated precursor application and nanosoldering processes similar to those detailed in Chapter 3 
were used; ~30 – 40 mg of 2TBB was dissolved in ~1.5 – 2.0 mL of chloroform and the resultant 
solution was spincoated directly onto CNT devices of different densities. Then, the 2TBB coated 
sample was loaded into a vacuum-capable probe station with a base pressure of ~10-5 Torr. After 
the nanosoldering process, the sample was removed from the vacuum probe station, rinsed 
thoroughly with clean solvent, and dried.  
In order to deposit covalent networks of carbon atoms or covalently link CNTs at the CNT 
junctions, VDS was either applied for a given time period or swept to a given voltage depending on 
the density and the dimensions of the device. VGS was set to either -30 V or 30 V depending on 
whether the device exhibits p-type or n-type behavior as described in the Chapter 3, such that the 
semiconducting CNTs are always “turned on” and carry the highest current possible [32]–[34], 
[30]. This protocol was carefully followed until there was no longer any noticeable change in the 
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transfer characteristics in order to avoid overheating of the CNT network, which could cause 
breakdown of CNTs and/or the SiO2 film. 
All in-air and vacuum DC electrical characterizations in our experiments were performed 
with a Keithley 4200-SCS semiconductor analyzer and a Janis variable temperature probe station. 
Transfer characteristics were measured in air for each device before and after nanosoldering 
experiments. In order to calculate the ION/IOFF ratio, the same method that was used in Chapters 2 
and 3 was used; the threshold voltage (VT) was found by the linear extrapolation method from peak 
conductance (gm = (dID/dVGS)max), and ION at a constant VGS overdrive from the forward sweep 
(VGS – VT,FWD = -10 V) and IOFF as the minimum IDS from the same transfer curve was used [35]. 
Figure 5.1c shows the schematic diagram of the selective nanosoldering process using the 2TBB 
precursor. 
5.4 Results and Discussion 
Figures 5.2a-c show scanning electron microscope (SEM) images of exemplary devices of 
different CNT network densities. Figure 5.2d and Figure 5.2e show transfer characteristic curves 
of a low-density device (L = 40 µm and W = 100 µm) before and after the nanosoldering process 
using the 2TBB precursor where the ION/IOFF ratio has improved by a factor of ~39.1 while the ION 
increased by nearly two orders of magnitude. Figure 5.2f shows the actual nanosoldering step 
performed on this device in vacuum where VDS was swept from 0 V to 120 V with VGS = -30 V. 
As discussed in Chapter 3, the CNT devices can convert from p-type to n-type in vacuum when 
VDS is increased gradually. This conversion is due to the heat generated during the device operation 
and the associated removal of oxygen molecules from the metal electrode surfaces and CNTs [30], 
[32]–[34]. Figure 5.2g shows the transfer characteristic curves of this device before and after the 
voltage sweep in vacuum. The result is of interest because not only has the device converted from 
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p-type to n-type, but the ION/IOFF ratio has also improved by nearly an order of magnitude, with 
ION improving by about a factor of ~30. Once the device has been exposed to air again and the 
leftover 2TBB precursor has been rinsed away, the improvement still persists with nearly two 
orders of magnitude improvement in the ION, indicating that the 2TBB molecules are potentially 
debrominated and dehydrogenated to covalently link individual CNTs at the junctions as the 
deposition of carbon atoms at the CNT junctions alone does not explain such large improvements 
in the transport characteristics. The large improvement in both n-type and p-type behavior suggests 
good work function matching at the junctions. 
Figure 5.3a shows an SEM image of a high-density device (L = 40 µm and W = 50 µm) 
where 2TBB was spincoated and a similar nanosoldering protocol was followed. Figure 5.3b 
shows an SEM image after performing the nanosoldering steps but without rinsing away the 2TBB 
layer from the CNT device, showing regions where the hot junctions have caused sublimation of 
the 2TBB layer. Figure 5.3c shows transfer characteristics of the high-density device before and 
after the nanosoldering process with improvement in the ION/IOFF ratio by a factor of ~1.51 from 
12.08 to 18.24. Figure 5.3d shows a summary plot of improvement factors in the ION/IOFF ratios by 
using 2TBB precursor on the CNT devices with different densities, suggesting that the 
improvements are greater for lower density devices. A possible reason for this discrepancy in the 
improvements could be that the instantaneous temperature increase at the CNT junctions is more 
localized for low-density CNT networks compared to high-density CNT networks. For high-
density CNT networks, there exist more individual CNTs and junctions in close proximity for a 
given CNT junction. Therefore, if the junctions and the surrounding regions were heated such that 
only debromination could occur but not dehydrogenation, a large portion of spincoated TBB layer 
can simply sublime away from the CNT device over time without forming any covalent bonds, 
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leaving bare CNT junctions exposed to vacuum without any 2TBB molecule for further chemical 
reaction. As shown by Figure 5.3b, the desorbed spots are significantly larger than the resistive 
junctions themselves, indicating that the lack of 2TBB molecules due to desorption can prevent 
further reaction and thus further improvement in high-density CNT network devices. 
 In order to prevent such untimely desorption of 2TBB layer, a high VDS was intentionally 
applied without sweeping from 0 V in attempt to overheat the junctions such that more covalent 
linking would occur than desorption of the 2TBB layer. However, this scheme has not proved very 
effective because some desorption still takes place as some spots on the device are cooler than the 
threshold temperature required for the reaction, and the device can also suffer from breakdown of 
CNTs if too high a bias is applied. In order to be able to apply various voltages to CNT devices 
while constantly providing 2TBB precursor, an in-solution nanosoldering setup may be used in the 
future where wirebonded devices are entirely submerged in a solution saturated with 2TBB. 
5.5 Preliminary STM Study on Covalent Linking of CNT Sidewalls 
To investigate the interaction and potential covalent linking between 2TBB molecules and 
CNTs at the atomic scale, scanning tunneling microcope (STM) imaging and tip-induced 
lithography [36], [37] were performed after CNTs were transferred onto a H:Si(100) using a dry 
contact transfer technique [38]; a fiberglass applicator coated in CNT powder was degassed 
overnight and loaded into home-built STM chamber with a base pressure of 1 × 10-10 Torr. The 
applicator was pressed onto the Si surface several times before imaging with STM. Figure 5.4a 
shows a CNT on the H:Si(100) surface along with dangling bonds, vacancies, and step edges. H 
atoms were desorbed from the surface using a lithography routine where the tip is moved over the 
surface at a specified rate, sample bias, and tunneling current. In this case the conditions were 8 V, 
0.1 nA, and 1 × 10-4 C/cm. Figure 5.4b shows clean dangling bonds that have formed perpendicular 
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to the CNT without any damage to the CNT, indicating that the background contamination is 
minimal and the lithography conditions do not affect the CNT.   
After confirming clean lithography, the sample was transferred to the load lock (P = 3.4 × 
10-9 Torr). Inside the load lock, an alumina tube packed with 2TBB powder was heated to deposit 
2TBB molecules onto the silicon surface. After heating the tube at 0.6 V and 0.42 A for 60 seconds, 
lithography continued to produce clean dangling bonds, suggesting that the background 
contamination from the load lock is sufficiently low. Heating the alumina tube at 0.7 V and 0.5 A 
for 80 seconds resulted in saturated dangling bonds, suggesting the presence of 2TBB molecules 
on the surface, as well as demonstrating deposition of 2TBB on H:Si(100). 
Figure 5.4c and Figure 5.4d show topography and current images after the lithography 
process, which was performed perpendicular to a CNT at 8 V, 0.1 nA, and 1 × 10-4 C/cm after load 
lock dosing. Imaging was done at -2 V and 0.1 nA. The images show that dangling bonds were 
saturated with 2TBB and 2TBB molecules were directly deposited on the CNT. Figures 5.5a and 
5.5b show another CNT before and after the lithography process performed along the red line at 8 
V, 0.1 nA, and 1 × 10-4 C/cm. A feature appeared on the CNT again suggesting tip-induced 
deposition of 2TBB directly on the CNT. Scanning tunneling spectroscopy (STS) was carried out 
to examine the modification of the CNT band structure. STS before (Figure 5.5c) and after (Figure 
5.5d) lithography along the blue dashed lines shows an initial ~1.1 eV bandgap being modified 
nonuniformly with some regions of higher bandgap and some regions of metallic behavior, which 
suggests electron-induced deposition of covalently bonded 2TBB molecules on the CNT and/or 
covalent linking of 2TBB to the sidewalls of CNTs.  
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5.6 Conclusion and Future Work 
In conclusion, we have adopted a halogenated aromatic hydrocarbon precursor (2TBB), 
which is used to covalently link together to form GNR structures, to our nanosoldering technique 
to further reduce the high resistances of CNT junctions. Our results indicate that even larger 
improvements can be made using the 2TBB precursor, compared to using metal precursors to 
improve the connectivity at the CNT junctions. Our preliminary STM study shows that 2TBB 
molecules can be directly attached to CNT sidewalls and modify its band structure, indicating that 
a covalent network of carbon atoms can potentially be deposited and/or form covalent bonding at 
the CNT junctions. The ION/IOFF ratios of CNT devices with different densities were studied, and 
significant improvements were demonstrated with the largest ION/IOFF ratio improvement by a 
factor of ~40 with nearly two orders of magnitude increase in the ION. Our results suggest that 
larger improvements can be made for lower density CNT networks, possibly due to the different 
localization of junction heating and the associated desorption of 2TBB layer. 
Future work to investigate the limit of this self-healing process will include in-solution 
nanosoldering, as well as studying the effects of the covalent linking in the single-junction devices, 
combined with scanning Joule expansion microscopy (SJEM) to study the changes in the thermal 
resistance. Figure 5.6a shows a single CNT junction device where the localized heating was 
imaged by SJEM (Figure 5.6b). Different types of single junction devices (semiconducting-
semiconducting, semiconducting-metallic, and metallic-metallic) will be studied to investigate 
how much the electrical and thermal resistances can be improved using our nanosoldering 
technique. Efforts to prepare such single junction devices combined with atomic force microscope 
(AFM) assisted CNT cutting is currently underway as demonstrated in Figures 5.6c-f. Figures 5.6c 
and 5.6d show AFM images before and after a CNT cutting by dragging the AFM tip in contact 
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mode with a force of ~ 3.4 µN along the blue line shown in Figure 5.6c. Figures 5.6e and 5.6f 
show SEM images of another CNT device where single junction was successfully isolated by AFM 
cutting. The mentioned future work to isolate individual CNT junctions combined with studies on 
electrical and thermal properties of CNT junctions will allow us to extract the most intrinsic 
information about our nanosoldering process and enable further application of our electronic self-
healing process to other systems where local heating can be used to drive chemical reactions that 
eliminate the heating mechanism. 
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5.7 Figures 
 
Figure 5.1. (a) Synthesis scheme for 1,3,5-tris(2-bromophenyl)benzene (2TBB) from 2’-
bromoacetophenone. (b) Bottom-up fabrication scheme for graphene antidot/GNR structure from 
2TBB through debromination and dehydrogenation processes. Schematic diagram of (c) a CNT 
device and (d) potential covalent linking of CNT junctions through nanosoldering process using 
2TBB precursor. 
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Figure 5.2. SEM images of CNT network devices with (a) low, (b) medium, (c) high densities. 
Transfer characteristics of a low-density CNT network device measured in air before and after 
nanosoldering process in (d) linear and (e) log scales showing ION/IOFF ratio improvement by a 
factor of ~40 with ION increase by nearly two orders of magnitude. (f) ID-VD plot in the presence 
of 2TBB precursor for the low-density CNT network device in vacuum representing the 
nanosoldering step. (g) Transfer characteristics of the same device before and after the voltage 
sweep in (f) in vacuum showing the conversion of the device from p-type to n-type as well as 
improvement in the ION/IOFF ratio. 
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Figure 5.3. SEM images of (a) a high-density CNT network device after nanosoldering with 2TBB 
precursor and (b) another high-density CNT network device after nanosoldering without rinsing 
away the 2TBB layer showing regions where 2TBB has sublimed away from the hot CNT 
junctions. (c) Transfer characteristic curves of a CNT device shown in (a) before and after 
nanosoldering process showing ION/IOFF ratio improvement by a factor of ~1.51. (d) Summaries of 
improvement in ION/IOFF ratios upon nanosoldering with 2TBB precursor on CNT network devices 
with different densities. 
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Figure 5.4. STM images of (a) a CNT deposited onto H:Si(100) via dry contact transfer (-2 V, 0.1 
nA) and (b) the CNT in (a) after H-desorption lithography along the green line at 8 V, 0.1 nA, and 
1 × 10-4 C/cm prior to 2TBB dosing, showing clean dangling bonds and no deposition on the CNT. 
(c) STM image of another CNT on H:Si(100) after 2TBB dosing and lithography at 8 V, 0.1 nA, 
and 1 × 10-4 C/cm. (d) Current image taken simultaneously with image in (c) showing the CNT 
lattice and 2TBB deposition. 
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Figure 5.5. STM images of a CNT on H:Si(100) (-2V and 0.1 nA) (a) before and (b) after 
lithography at 8 V, 0.1 nA, and 1 × 10-4 C/cm along red line in (a). (c-d) log(I) ‒ V spectra collected 
from STS along blue dashed lines in (a-b). 
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Figure 5.6. (a) A SEM image of a single CNT junction device and (b) SJEM image from the red 
dashed box in (a). AFM images of a CNT (c) before and (d) after CNT cutting by AFM tip along 
the blue line in (c). SEM images of a CNT device (e) before and (f) after CNT cutting by AFM tip 
to isolate single junction for future work. 
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CHAPTER 6 
Conclusions and Future Work 
6.1 Conclusions  
In summary, we have described the fundamental properties of carbon based nanomaterials 
and discussed some of the major challenges and limitations related to carbon nanotube (CNT) and 
graphene based devices. Among the major challenges and limitations, our work described in this 
dissertation has mainly focused on improving the problems related to high resistances at the CNT 
junctions and graphene grain boundaries (GBs) that limit the overall device performance and 
reliability. 
 First, we introduced a nanosoldering technique, in which the high electrical and thermal 
resistances at the CNT junctions drive local chemical reactions that enable self-healing of the CNT 
devices. By passing current through the CNT devices, the local temperature increase induced at 
the CNT junctions triggers selective thermal decomposition of the gaseous chemical vapor 
deposition (CVD) precursors to metallize the junctions. By studying two different CVD precursors 
that deposit metals (HfB2 and Pd) of different work functions, we have shown that nearly an order 
of magnitude improvement in the current on/off (ION/IOFF) ratio can be achieved when Pd is used 
to match the work functions between CNT channel and the metal electrodes, as well as CNT 
junctions and the metal nanosolder. 
 Then, we continued to selectively deposit Pd at the CNT junctions by modifying our 
technique such that the nanosoldering process is more efficient and facilitated. Instead of using a 
CVD process, we employed a solution-mediated process where a suitable metal precursor is 
directly applied onto CNT devices by spincoating from a solution. In order to enable an open-to-
air process that involves spincoating of the precursor from a solution, we investigated thermal 
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decomposition process of tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) precursor using 
thermogravimetric analysis (TGA), x-ray photoelectron spectroscopy (XPS), and energy 
dispersive x-ray spectroscopy (EDS). After verifying its applicability for the open-to-air process, 
a solution of Pd2(dba)3 dissolved in chloroform is spincoated directly onto CNT devices to leave a 
uniform Pd2(dba)3 layer. Then, the CNT junctions were heated in vacuum by passing current 
through the CNT devices to trigger the selective thermolysis of Pd2(dba)3 precursor and deposit 
metallic Pd at the CNT junctions. The leftover precursor can be simply rinsed away after the 
nanosoldering process is completed without affecting the device performance. Using this solution-
mediated nanosoldering technique, we have shown improvements in the ION/IOFF ratio and mobility 
of CNT devices by an average factor of ~6. 
 Next, the versatility of the enhanced nanosoldering technique was demonstrated by 
applying the solution-mediated process to graphene devices where the resistive graphene GBs act 
as similar heat sources as CNT junctions to drive the same chemical reactions to selectively deposit 
Pd at the GBs. By thorough control studies, we have found an ideal set of conditions to selectively 
deposit metallic Pd at the GBs without affecting the device performance. Using such conditions, 
combined with scanning Joule expansion microscopy (SJEM), atomic force microscopy (AFM), 
and scanning electron microscopy (SEM), we have directly imaged the localized heating and 
selective deposition of Pd at the graphene GBs using Pd2(dba)3 precursor. Our results indicate that 
depending on the periodicity and orders of GBs, nanosoldered Pd layer may have different effects 
on the electrical and thermal transport properties across the GBs. 
 Another advantage of solution-mediated nanosoldering process over CVD process is that 
the chemical precursors do not have to be volatile, which allows a multitude of precursors to be 
exploited in our self-healing process. This advantage is finally applied to our nanosoldering 
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process with the introduction of a halogenated aromatic hydrocarbon precursor, 1,3,5-tris(2-
bromophenyl)benzene (2TBB), which can form two-dimensional covalent networks of carbon 
atoms via dehalogenation and dehydrogenation processes upon heat treatment. By employing a 
similar solution-mediated method developed earlier, we have achieved significant improvements 
in the CNT device performance with ION/IOFF ratio and ION improvements by a factor of ~40 and 
nearly two orders of magnitude, respectively, using 2TBB precursor. Such large improvements in 
the current transport along with our preliminary scanning tunneling microscopy (STM) data 
suggest that covalent network of carbon atoms can potentially be deposited and/or form covalent 
bonding at the hot CNT junctions, making current transport very effective through the CNT 
junctions. 
 The work presented in this dissertation has resulted in new techniques for electronic self-
healing of CNT and graphene based devices by utilizing their highly resistive junction resistances 
to realize improvements in the device performance and reliability. Applying this knowledge to 
other nano-systems and nano-devices will provide improvements in electrical, thermal, and 
mechanical properties in a variety of applications that involve carbon-based nanomaterials as well 
as other materials where nanoscale components and interfaces limit the overall device performance 
and reliability. 
6.2 Future Work 
 Our initial nanosoldering results via CVD process and solution-mediated process with 
Pd2(dba)3 and 2TBB precursors are promising in depositing nanoscale metal at the CNT junctions 
and graphene GBs, as well as covalently linking individual CNTs at the junctions, while 
significantly improving the device performance. However as mentioned earlier, improvements 
made in the graphene devices upon nanosoldering GBs were much lower than those of CNT 
113 
 
junctions, possibly due to the different nature of the limiting factors; CNT junctions are separated 
by a finite gap before they are bridged by metal nanosolder, while graphene GBs are still composed 
of covalent bonds of carbon atoms between individual grains, which are unchanged upon metal 
deposition. If a 2TBB layer is applied at the graphene GBs, which are more reactive sites than the 
pristine graphene lattice sites, the covalent bonding driven by localized heating at GBs may also 
give rise to further improvements by adding additional covalent bonds and/or altering the existing 
covalent bonds at the GBs to enable more efficient electrical and thermal transport across the GBs. 
Future work will include applying 2TBB precursor to graphene devices combined with SJEM 
study to analyze the effects of such covalent linking. 
 While significantly larger improvements were made by using 2TBB precursor than using 
metallic precursors to nanosolder the CNT junctions, lower improvements were achieved for 
higher CNT density devices. The possible reason for this discrepancy in the density dependent 
improvements could be that the different CNT densities cause different localization of junction 
heating, which leads to varying amounts of unwanted desorption of the 2TBB layer. In order to 
prevent the problem of desorption and thereby the lack of 2TBB precursor for further potential 
improvements, future work will include using an in-solution nanosoldering setup where the CNT 
device is submerged in a solution such that 2TBB precursor is constantly provided.  Future work 
will also include studying single-junction devices combined with SJEM and STM studies in order 
to better understand the interaction between 2TBB and CNTs. 
 Further potential exploration of our nanosoldering technique will include applying the 
covalent bonding scheme to contacting CNTs and achieving a good electrical coupling between 
CNTs and metal electrodes. The problem of CNT contact resistance is particularly acute for small-
diameter CNTs due to the increased sp3 bonding nature and short-channel devices, which are 
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otherwise the best candidates for post-silicon transistor applications because at such short channel, 
the role of the channel becomes less significant than contacts, and the transport in the device is 
primarily limited by the contacts. There also have been increased interest and advances in 
fabricating graphene nanoribbons (GNRs) with controllable width and edge structures using 
bottom-up techniques and transferring them onto arbitrary substrates, which can enable graphene-
based integrated circuits with tunable bandgaps. Our nanosoldering process can be applied in GNR 
film devices to reduce ribbon-to-ribbon junction resistance using either selective metallization or 
covalent bonding scheme, as well. 
 Such exploration on the versatility of our nanosoldering process will enable the electronic 
self-healing effect to be applied to general systems where local heating can be used to drive 
chemical reactions, and improve the electrical, thermal, and mechanical properties. 
